Radiative capture reactions in light nuclei by Gemmell, Donald Stewart
R A D I A T I V E  C A P T U R E  R E A C T I O N S
I  N
L I G H T  N U C L E I
*  l i b r a r y  *  
J^ VERSrt'*
by
D.S. Gemrnell.
A T h esis  subm itted  f o r  th e  degree o f D octor of Philosophy 
in  th e  A u s tra lian  N a tio n a l U n iv e rs ity .
March, 1959 *
11 1 MAY i960
7
P R E F A C E .
This Thesis describes experiments in nuclear physics which
were performed in the Research School of Physical Sciences at the 
Australian National University between March 1956 and December 1958. 
The work was done in the department of Nuclear Physics, under the 
supervision of Professor E.W. Titterton.
oration with other workers. The work described in Chapter II, which 
includes the design of a Nal(Tl) crystal spectrometer and the eval­
uation of various methods of Y-ray collimation was done individually
by me. This spectrometer was then applied to the experiments reported
9 10in the chapters which follow. The Be (p,y)3 experiment in Chapter 
III was performed jointly with Dr. R.D. Edge. The experimental work 
was shared equally by us, but I was responsible for the determination 
of calibration pulse-height distributions and for the analysis of Y” 
ray spectra. The experiments with the 7-7 Mev cyclotron were per­
formed in collaboration with Mr. A.H. Morton, a student in the 
department of Particle Physics. Mr. Morton’s particular concern was 
with the operation of the cyclotron, while mine was with the detect­
ion of reaction Y”ray s* The technique of extracting a stable mono- 
energetic proton beam was developed by Mr. Morton and Dr. W.I.B.Smith
Some of these investigations have been performed in collab­
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and is described elsewhere. The experimental work in Chapters IV,
V, and VI was shared equally by Mr. Morton and myself. The exper­
iments described in Appendices A and C have been performed independ­
ently by me.
Some of the work reported in this Thesis has been 
published as follows:
(i) R.D. Edge and D.S. Gemmell, Proc. Phys. Soc., 
Vol.LXXI, p.925> (1958)* ’’Gamma Rays from the 6.89
10"
Mev Level in B.
(ii) D.S. Gemmell, A.H. Morton and E.W. Titterton, Nuclear
Physics, Vol.10, No.l (1959). In press. ”A Study of
8 12the Giant Resonance Regions of Be and C through the
7 , 8  11 12 ”Inverse Reactions Li (p,y)Be end B (p,y)C
(iii) D.S. Gemmell, A.H. Morton and W.I.B. Smith, Nuclear
Physics, Vol.10, No.l, (1959). In press. ’’Gamma
Radiation from the Capture of 5 to ?.7 Mev Protons in
19 23 27 31 "F , Na , A1 and r .
I am greatly indebted to my supervisor Professor E.W.
9 . 10
Titterton who suggested the experiments on the reactions Be (p,y)B
11 12and B (p,y)C ~ and who offered friendly advice and criticism during 
all aspects of my work. It is a pleasure to acknowledge the assist­
ance given by Mr. N.F. Bowkett in operating the 1 Mev H.T. set, by 
Mr. R.V. Parkes in operating, the cyclotron and by Mr. W.H. Owen and 
members of the main workshop staff in the construction of apparatus. 
I wish to acknowledge gratefully the assistance given by my wife, 
Anne, who typed this thesis.
I am grateful to the Australian National University for 
the award of a Scholarship, during the tenure of which these studies 
were carried out.
No part of this Thesis has been submitted for a degree at
- iv -
any other University.
T A B L E  O F  C O N T E N T S .
Page
Preface (ii)
CHAPTER I.
GENERAL INTRODUCTION.
1.1 Introduction 1
1.2 Gamma-ray Detection 1
1.3 Classification of Transitions 3
1.4 Gamma-ray Selection Rules 3
1.5 Gamma-ray Lifetimes 4
1.6 Isotopic Spin Selection Rules 8
1.7 The Giant Resonance 12
CHAPTER II.
THE DETECTION OF HIGH-ENERGY GAMMA RAYS WITH A 
LARGE Nal(Tl) CRYSTAL.
2.1 Introduction 21
2.2 Theoretically Expected Behaviour of the Crystal 22
2.3 Crystal Mounting 26
2.4 Performance of the Crystal 29
(a) Comparison with Theory 29
(b) Spectra at Various Gamma-ray Energies 31
(vi)
(c) The Effect of Direction of Collimation
(d) The Effect of Collimating Diameter
(e) Cosmic Rays
CHAPTER III.
ISOTOPIC SPIN IMPURITIES IN LIGHT NUCLEI.
32
37
38
3.1 Introduction 41
3.2 Theoretical Considerations
, 10
41
3.3 The 6.89 Mev Level in B 44
3*4 Experimental Method 46
3.5 Detection of Gamma Rays 48
3.6 Analysis 49
3.7 Other Measurements 52
(a) Angular Dependence of Gamma Rays 52
(b) Low-energy Gamma Rays 52
(c) The 5 »11 and 5*16 Mev Levels 53
3.Ö Discussion of Results
CHAPTER IV.
USE OF A 7.7 MEV CYCLOTRON TO STUDY RADIATIVE
56
CAPTURE REACTIONS.
4.1 Introduction 62
4.2 Experimental Method 63
4.3 The Background Problem 66
(vii)
4*4 M easurements on th e  Proton Beam
(a )  Proton Energy
(b ) S c a tte r in g  by th e  F o ils
(c )  Energy P iesolu tion  o f th e  Proton Beam
(d ) Energy S ta b i l i t y  o f th e  E x trac te d  Beam
71
71
73
74 
78
CHAPTER V.
8 12
THE GIANT RESONANCE REGIONS OF Be AND c" STUDIED
11
THROUGH THE REACTIONS L i7 (p ,y )B eb AND B ^ p , y ) ^ " .
5.1
5.2
5.3
5-4
5.5
5.6
In tro d u c tio n  
P rep a ra tio n  of T a rg e ts
(a )  L ithium
(b ) Boron
Measurements
C a lib ra tio n  of th e  N a l(T l) C ry s ta l
R esu lts
11 12
(a )  Bx^ ( p , y )C a
(b )  L i"(p ,y )B eö • g
(c )  T ra n s itio n s  to  H igher E x cited  S ta te s  of Be
Comparison w ith  O ther R esu lts
( a j  B (p ,r)C  
(b ) L i7( p ,Y)Beö
79
82
82
83
84 
86 
88
88
89
90
91
91
95
5-7 D iscussion 96
(vüi)
CHAPTER VI.
REGIONS OF HIGH NUCLEAR EXCITATION IN OTHER 
ALPHA-PARTICLE NUCLEI.
6*1 Introduction 101
6.2 Experimental Method 102
6.3 Results 103
(a) F19(p,Y)Ne20 103
(b) Na23(p,Y )Mg24 104
(o) Al27(p,Y)Si28 105
(d) P31(p,Y)S32 - 106
(e) H3(p,Y )He^ and N15(p,Y )016 107
6.4 Discussion of Results. 108
APPENDIX A.
THE GROUND-STATE GAMMA RAY IN THE
o in H 3
Be (p,r)B REACTION.
APPENDIX B.
THE RELATIONSHIP BETWEEN THE CROSS-SECTIONS FOR THE
11, » 12 12, » 11 INVERSE REACTIONS B (p,v)C and C (v,p)B .
APPENDIX C.
THE LOW-LYING LEVEL STRUCTURE OF Be8. 117
CHAPTER I
GENERAL INTRODUCTION.
1 • 1 I n t  ro d u c  t  i o n .
The e x p e r im e n ta l  i n v e s t i g a t i o n s  t o  be d e s c r ib e d  in  t h i s
t h e s i s  a r e  c o n c e rn e d  w i th  t h e  c l a s s  o f  n u c le a r  r e a c t i o n s  i n  w hich  
e le c tr o m a g n e t ic  r a d i a t i o n  i s  e m i t te d  s u b s e q u e n t t o  t h e  c a p tu r e  o f  a  
bom bard ing  p r o to n  by a  l i g h t  n u c le u s  (A <  3 2 ) .  R a d ia t iv e  p ro to n  
c a p tu r e  r e a c t i o n s  fo rm  a  u s e f u l  m ethod o f  s tu d y in g  th e  s p e c tro s c o p y  
o f  n u c le a r  l e v e l s  and p e rm it  t h e  e x a m in a t io n  o f  n u c le a r  s t r u c t u r e  
o v e r  a  w ide  ra n g e  o f  e x c i t a t i o n  e n e r g i e s .  In  t h e  p a s t ,  how ever, t h i s  
a p p ro a c h  h a s  n o t  been  p u rsu e d  t o  t h e  same e x te n t  a s  o t h e r  m ethods o f  
n u c l e a r  s p e c tro s c o p y  such  a s  t h e  s tu d y  o f  b e ta  d ecay  o r  r e a c t i o n s  
in v o lv in g  th e  e m is s io n  o f  h eav y  p a r t i c l e s .  T h is  h a s  been  m a in ly  b e ­
c a u se  o f  t e c h n i c a l  d i f f i c u l t i e s  i n  t h e  d e t e c t i o n  o f  y - r a y s .
some o f  t h e  m ain t o p i c s  r e l a t i n g  t o  t h e  e x p e r im e n ta l  w ork d e s c r ib e d  
i n  t h e  c h a p te r s  t o  f o l lo w .
1 .2  G anm a-ray D e te c t io n .
In  t h i s  i n t r o d u c to r y  c h a p te r ,  a  s h o r t  re v ie w  i s  g iv e n  o f
The w a v e le n g th s  o f  n u c l e a r  y -ra ys  a r e  to o  s h o r t  t o  be
1 .  F o r 1 Mev y - r a y s , X ^ 2  x  10“ ^  cm.
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measured by ordinary optical devices, and the somewhat indirect 
methods which must be used result in an energy determination which is 
quite inaccurate when compared with that achieved in atomic spectros­
copy. The resolution obtainable is generally poor; of the order of 
a few percent^. It is important to attain the best possible resol­
ution in the study of capture reactions since the Y~ray decay scheme 
of highly excited nuclear levels is frequently complex, resulting in 
the production of many Y*"ray s various energies and intensities 
which must be sorted out if significant information is to be obtained. 
Furthermore, the width of a nuclear level excited by a capture process 
is usually composed of partial widths mainly for particle emission 
and the Y“ray width is only a small fraction of the total. The prob­
ability of Y-ray emission is correspondingly lower, necessitating 
spectroscopic apparatus with a high detection efficiency.
To obtain a Y“ray detector with both high efficiency and 
good resolution poses a technical problem which, so far, has been 
only partially solved. In the following chapter a description is 
given of attempts to optimise both of these requirements using a 
large Nal(Tl) crystal as a scintillation spectrometer.
2. For mono—energetic Y“ray s> the resolution is defined as the full 
width at half-height of the maximum intensity peak in the energy 
spectrum recorded experimentally, divided by the energy of this peak.
1.3 Classification of Transitions
It is customary to classify y-ray transitions as electric 
or magnetic multipoles according to the spin and parity changes in­
volved in going from the initial to the final nuclear state^. If a 
yray carries away an angular momentum L (measured in units of Hi) it 
results from a 2^-pole transition. It is an electric 2*J-pole (abbrev­
iated as EL) if the parity change is given by (-1)^ or a magnetic 
2^-pole (ML) if the parity change is (-1)^". This is shown in 
Table 1.1 for the first few multipoles.
TABLE 1.1
Multipole Order. L 1 2 3 4
Parity Change. Yes El M2 E3 M4
No Ml E2 M3 E 4 et c.
1.4 Gamma-rav Selection Rules.
The requirement that angular momentum and parity must be
conserved for the total system of nucleus plus y-ray, results in
selection rules imposed on the possible multipolarities allowed for
3a y-ray transition between two states :
3. ¥. Heitler, »»The Quantum Theory of Radiation»*, Oxford University
Press, 1936.
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|J^ — L ^ + J^, (1*1)
where Jj_ and J^ . are the angular momenta of the initial and final 
nuclear states and the parity change determines whether an electric 
or magnetic transition is involved. As a consequence of the fact 
that a Y“ray is a transverse electromagnetic vibration, it can be 
shown^ that all monopole radiative transitions are forbidden. In 
addition to these selection rules, there are others governing changes 
in the isotopic spin quantum number, T (discussed in § 1.6).
1.5 Gamma-ray Lifetimes.
The transition probability for Y*“radiation between two 
nuclear states is sensitively dependent on the wave functions of the 
two states. Except perhaps for the case of the deuteron, these wave 
functions are not well known. It is possible, however, to obtain 
significant information concerning nuclear wave functions by a comp­
arison of experimental Y“ray transition probabilities with theoret­
ical values calculated on the basis of a specific nuclear model.
Formulae for the Y“decavy lifetimes of nuclear states have 
been derived by Weisskopf from a single-particle model of the nucleus. 
This is a simplified version of the nuclear shell model in which a
4. J.M. Blatt and V.F. Weisskopf, theoretical Nuclear Physics” 
p.586, John Wiley, New York. 1952.
5. V.F. Weisskopf, Phys. Rev., 8^, 1073» (1951)»
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single proton is considered to move in a potential well which repres­
ents the average influence of all the other particles in the nucleus.
L
The emission of a 2 -pole Y“ray is then attributed to this single 
proton changing its quantum state from one with orbital angular mom­
entum L, and total angular momentum J * L + to one with zero orb­
ital angular momentum. Using a value for the nuclear radius of 
1.5A"^ x 10 ^  cm, and on the assumption that this value is much 
smaller than the wavelength of the Y“ray emitted, WeisskopfTs estimates 
of the radiative widths, T  , (measured in eV) for the first few mult­
ipole orders are:
r  W (E1) = O . l l A ^ E y 3
T  W(M1) - 0.021 Ey3
r  W (E2) = 1.2 x 10'7 A 5 .................(1.2)
p W (M2) = 2.2 x 10-8 A2/3Ey5 
r  W (E3) = 8.7 x 1G“14 A / ,
where the Y~ray energy is measured in Mev. These calculations 
were made under extremely simplified assumptions: e.g. the case
where the radiating particle is a neutron was not included, and the 
effect of the recoil of the charged cored of the nucleus was ignored.
In spite of these and other simplifications, however, the results can 
be used to indicate the order of magnitude of known Y“ray widths. 
Consequently the expressions (1.2) for r*w have come to be known as
Weisskopf units, and experimental y-ray widths are conveniently meas­
ured in terms of these units. A y-ray transition is said to have a 
width of |M|^ Weisskopf units if |M|^ ■ ry/Hw where P y  is the ex­
perimentally determined radiative width and P w is the Weisskopf unit 
appropriate to the type (multipole and parity change) of transition.
It can be seen from expressions (1.2) that, other things 
being equal, the transition probability decreases rapidly with increas­
ing multipole order and that for a given multipolarity, electric trans­
itions are stronger than magnetic ones (subject, of course, to the op­
eration of selection rules). It is to be expected, therefore, that 
most radiative transitions proceed primarily with emission of y-rays 
of the lowest permissible multipole order (L * |J^ - Jfl in most 
cases), or possibly with a mixture of the lowest two multipole orders 
(but of opposite class because of parity considerations). The trans­
ition probability for magnetic 2L-pole radiation is usually comparable 
with that for electric 2L+1-pole transitions. Thus, although it is 
rare to find a significant amount of M2 radiation in a mainly El trans­
ition, it is frequently found that in a mixed Ml and E2 transition 
the two multipolarities are comparable in strength. It sometimes 
happens, especially in heavy nuclei far from closed shells, that E2 
widths are enhanced to many times the Weisskopf estimate and this is
- 7-
interpreted as evidence for collective motion in the nucleus as de­
scribed by Bohr and Mottleson6,7 .
The first classifications of known y~ray transitions in terms
7of Weisskopf units were made by Goldhaber and Sunyar for isomeric 
nuclei where large spin changes are usually involved between the in-gitial and final nuclear states, and by Wilkinson for the fast, en­
ergetic El and Ml transitions found in the light elements. These
9,10,11surveys, which have extended , indicate that the experimentally
determined radiative widths conform in general to those expected on 
the basis of detailed shell model calculations, with a few exceptions 
such as the enhanced widths for E2 transitions mentioned above.
On the basis of experimental data, mainly from radiative
10,11capture reactions, Wilkinson has analysed over one hundred y
6. A. Bohr and B.R. Mottleson, Kgl. Danske Videnskab. Selskab Mat.- 
fys. Medd., 27, No.16, (1953)*
7. M. Goldhaber and A.W. Sunyar, Phys. Rev., 8^, 906, (1951)*
8. D.H. Wilkinson, Phil. Mag., A4, 450, (1953)*
9« M. Goldhaber and A.W. Sunyar, Chapter XVl(ll) of "Beta- and Gamma- 
ray Spectroscopy". Ed. K. Siegbahn, North Holland, Amsterdam, (1955)*
10. D.H. Wilkinson, Phil. Mag., 127, (1956).
11. D.H. Wilkinson, Proc. Rehovoth Conference on Nuclear Structure
(1957)*
%sJ^ 'rrv-‘ \ '
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ray  t r a n s i t i o n s  in  elem ents w ith  A $ 2 0 , in  term s o f W eisskopf u n i t s .  
Most o f  th e se  were d ip o le  t r a n s i t io n s  and i t  was found th a t  th e  
v a lu es  o f IMl grouped about a mean, which showed th a t  E l t r a n s i t io n s  
have a most p robab le  w idth o f about 0.032 W eisskopf u n i ts  w ith  a 
spread  o f a f a c to r  o f seven e i th e r  way, For Ml t r a n s i t io n s  th e  most 
p robab le  w id th  i s  0 .15  W eisskopf u n i ts  w ith  a  spread o f a f a c to r  of 
tw enty e i th e r  way. W ilkinson has shown fu r th e r  t h a t  th e se  d i s t r i b ­
u tio n s  a re  very  s im ila r  to  th o se  o b ta ined  th e o r e t ic a l ly  on th e  b a s is  
of th e  n u c le a r  s h e l l  model w ith  in te rm e d ia te  co u p lin g . From th e  
th i r t e e n  e l e c t r i c  quadrupole t r a n s i t io n s  known in  th e  l i g h t  e lem ents, 
i t  appears th a t  E2 w idths a re  f re q u e n tly  l a r g e r  th an  th e  W eisskopf
u n i t ,  a behav iour to  be expected i f  some c o l le c t iv e  m otion o f th e
6
B ohr-M ottleson type  e x is t s  superim posed on th e  g en e ra l s h e l l  model 
s t r u c tu r e .
1 .6  Iso to p ic  Spin S e le c tio n  R u le s .
The concept o f is o to p ic  (o r  is o b a r ic )  sp in  was developed 
by Wigner and i s  o f g re a t im portance fo r  n u c le a r  re a c t io n s  w ith  
l i g h t  e lem en ts . On th e  assum ption th a t  n u c le a r  fo rce s  a re  com pletely  
charge independent and th a t  th ey  depend only  on space and sp in  co-
12. E .F . W igner, Phys. R ev., 51, 106, (1937)
- 9-
o rd in a te s ,  i t  i s  p o ss ib le  to  t r e a t  neu trons and p ro tons as  two a l ­
te r n a t iv e  s t a t e s  o f th e  "nucleon". To d is t in g u is h  th e se  two s t a t e s ,
—>
th e  nucleon  i s  supposed to  have as is o to p ic  sp in  t ,  whose m agnitude
i s  J ,  and which can have two p o ss ib le  o r ie n ta t io n s  in  "charge" space
such t h a t  f o r  a neu tro n  t 2 = J  and fo r  a p ro ton  t  = - J .  T h is i s
analogous to  th e  d e s c r ip t io n  o f sp in  in  o rd in a ry  space . The is o to p ic
sp in s  o f a l l  th e  nucleons in  a  nucleus combine accord ing  to  th e  u su a l
12 13ru le s  f o r  th e  v e c to r a d d itio n  o f an g u lar momenta to  g iv e  a t o t a l
is o to p ic  sp in  T = S t ,  w ith  T = T (T + l), and a t o t a l  z-component 
Tz = £  t 2 s= J(N -Z ). I t  i s  th en  p o ss ib le  to  a l l o t  to  a n u c le a r  s t a t e  
a d e f in i t e  is o to p ic  sp in  quantum number, T, whose value  i s  l im ite d  
by th e  P a u li  p r in c ip le  which can be g e n e ra lis e d  to  in c lu d e  th e  i s o t ­
opic sp in  quantum number and which re q u ire s  t h a t  no two nucleons can 
have th e  same s e t  o f quantum numbers. T his le a d s  to  th e  id e a  o f  an 
is o to p ic  sp in  m u lt ip le t1^ . For a s ta t e  o f is o to p ic  sp in , T, th e re  
a re  a n o th e r 2T s im ila r  s t a t e s  which can be formed from t h i s  s t a t e  by 
re p la c in g  some neu tro n s  w ith  p ro to n s  and v ic e  v e rs a , w ithou t v i o l a t ­
ing  th e  P a u li  p r in c ip le .  The (2T + 1 )  member s ta t e s  o f an is o to p ic  
sp in  m u l t ip le t  a re  found in  members o f an is o b a r ic  s e t  o f n u c le i  ex -
13. D.R. I n g l i s ,  Rev. Mod. P h y s., 25> 390, (1953)*
14. J.M . B la t t  and V .F. W eisskopf, »»Theoretical N uclear P h y sics"  
p . 255* John W iley, New York, (1952).
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tending from Tz = -T to = T. These states will have the same spin,
parity and energy. Several such sets of states are now established
13 15in the light nuclei . (To compare the experimentally determined 
energies of member states of an isotopic spin multiplet, it is necess­
ary to estimate and allow for the perturbing effect of the Coulomb 
interaction and the n-p mass difference).
It follows from the assumption of charge independence in the
nuclear Hamiltonian that the isotopic spin, T, of a state should be
13 16a good quantum number ^ . For the light nuclei, Radicati and Mac-
17Donald have shown that in general the effects on nuclear wave func­
tions of the Coulomb repulsion between protons and the n-p mass diff­
erence are so small that T is expected to be a good quantum number 
in practice. The "goodness" of T (after making small allowances for 
the Coulomb force and the n-p mass difference) can therefore be taken 
as a test of the assumption of charge independence, and this can be 
checked experimentally by testing the operation of certain isotopic 
spin selection rules.
15« F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys., 27, 77» (1955) 
and Rev. Mod. Phys., (to be published).
16. L.A. Radicati, Proc. Phys. Soc.,A66, 139> (1953)*
17» W.M. MacDonald, Phys. Rev., 100, 51, (1955); Phys. Rev., 101, 
271, (1956).
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If T is a good quantum number, it must be conserved in
1Öheavy particle reactions as was pointed out by Adair . Thus, a com­
pound state with a given T value can only disintegrate into two part­
icles in states with isotopic spins Ti and T2, if and combine 
vectorially to give T. That is
I T1 - T2 I 4 T 4 Tx + T2 ...............(1.3).
and conversely, collision of two particles with isotopic spins 
and T2 can only form compound states with T between |Tj_ - T2 I and
T1 + V
Electromagnetic transitions in nuclei are charge dependent
and so it is not to be expected that isotopic spin will be conserved
in the emission and absorption of *f~ra.ys. Nevertheless, it has been 
.19 20shown by Radicati and Gell-Mann and Telegdi that definite sel­
ection rules do apply in such cases. The isotopic spin selection 
rules for radiative processes may be summarised as follows:
(a) For all multipolarities in all nuclei, &  T = 0, *1, except in 
the case of El transitions in a self-conjugate (Tz = 0) nucleus.
IS. R.K. Adair, Phys. Rev., S£, 10U, (1952).
19« L.A. Radicati, Phys. Rev., &]_, 521, (1952).
20. M. Gell-Mann and V.L. Telegdi, Phys. Rev., 91, 169, (1953)*
—i 2 —
(b ) For E l t r a n s i t io n s  when Tz = 0 , AT = ± 1 , on ly .
Iso to p ic  sp in  w i l l  be d iscu ssed  f u r th e r  in  C hapter I I I  where an ex­
perim ent i s  d e sc rib ed  in  which y -ray  t r a n s i t io n s  a re  observed in  
apparen t v io la t io n  o f t h i s  l a s t  s e le c t io n  r u le .
1*7 The G iant Resonance.
One o f th e  main in te r a c t io n s  o f y -ray s  w ith  n u c le i  i s  th e  
w ell known ,rg ia n t resonance" e f f e c t .  Although t h i s  p rocess i s  more 
f a m il ia r  in  connection  w ith  p h o to -d is in te g ra tio n  experim ents, i t  w i l l  
be shown l a t e r  th a t  i t  i s  eq u a lly  v a lid  to  c o n sid e r i t  from th e  p o in t 
o f view o f th e  in v e rse  r a d ia t iv e  cap tu re  r e a c t io n s .  The g ia n t r e s ­
onance shows up as a s tro n g , broad maximum in  th e  p h o to -d is in te g ra tio n
21 22 23c ro s s -s e c t io n  in  th e  reg ion  between 15 and 25 Mev e x c i ta t io n  * 9 9
The energy a t  th e  maximum decreases  smoothly w ith  in c re a s in g
22 r\ p
atom ic number showing a dependence c lo se  to  Emax° < A . The w idth  
of th e  resonance i s  found to  be s u b s ta n t ia l ly  co n stan t a t  about f iv e
21. G.C. Baldwin and G.S. K la ib e r , Phys. R ev., ^G, 289, (1946).
22. A.G.W. Cameron, Phys. R ev., 82, 272L, (1951)»
23* A.K. Mann and J .  H alpem , Phys. R ev., 82 , 733» (1951)*
24* R. M o n ta lb e tti , L. Katz and J .  Golemberg, Phys. R ev., 91» 
659, (1953).
25« R. N athans and J .  H a lp em , Phys. R ev ., 92, 207L, (1953)»
Phys. R ev ., 92, 437, (1954).
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to six Mev and independent of atomic number except for significant 
reductions in the width for nuclei near closed shells^. The in­
tegrated cross-section increases in an almost linear fashion with 
atomic number^.
The first theoretical descriptions of the giant resonance
pi
absorption were given by Goldhaber and Teller who considered coll­
ective modes of dipole oscillation in the nucleus. In the model 
which they analyse in detail, y-rays are considered to excite an 
ordered nuclear vibration in which the protons and the neutrons are 
considered as two interpenetrating clouds which oscillate back and 
forth through one another. Using reasonable values for the nuclear 
parameters involved, this model gives good agreement with the observ­
ed positions of giant resonance maxima and predicts an A dependence 
-l/6of A , also in fair agreement with observations.
Because of the strength of the absorption, the giant reson­
ance is generally ascribed to electric dipole radiation. Levinger 
27and Bethe , without assuming any specific nuclear model, have de­
rived an expression for the integrated cross-section for electric 
dipole absorption by a nucleus, based on the well-known sum-rules 
for the absorption of electromagnetic radiation. Their values, which
26. M. Goldhaber and E. Teller, Phys. Rev., Jk, 1046, (1948). 
27« J.S. Levinger and H.A. Bethe, Phys. Rev., H5> (1950«)
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in c lu d e  an e x tra  c o n tr ib u tio n  from th e  n eu tro n -p ro to n  exchange in te r ­
a c t io n , show agreem ent w ith  th e  experim en tal ones su g g estin g  th a t  
th e  assum ption o f d ip o le  a b so rp tio n  i s  j u s t i f i e d .  The c a lc u la t io n s  
in d ic a te  th a t  quadrupole t r a n s i t i o n s  can account fo r  only about 6%
of th e  ex p erim en ta lly  observed c ro s s - s e c t io n .  The in te g ra te d  c ro s s -
26sec tio n  found on th e  G o ld h ab er-T e lle r modex id e n t ic a l ly  exhausts 
th e  non-exchange p a r t  o f th e  d ip o le  sum.
2SO ther c o l le c t iv e  modes o f o s c i l l a t i o n  have been examined f
90 -an
9 , which d i f f e r  in  d e t a i l  from  th e  G o ld h ab er-T e lle r model des­
c ribed  above b u t which g ive  s im ila r  p re d ic tio n s  f o r  th e  p o s i t io n  and 
s tre n g th  o f th e  g ia n t reso n an ce . However, in  o rd e r to  d e sc rib e  th e  
subsequent d e -e x c i ta t io n  o f th e  e x c ite d  n u c leu s , i t  i s  f u r th e r  n ecess­
ary  to  assume th a t  th e  o rdered  d ip o le  v ib ra t io n  fo llow ing  E l absorp­
t io n ,  i s  ra p id ly  broken up through random nucleon c o l l i s io n s  le ad in g  
to  th e  form ation  o f a  compound n u c leu s , which th en  decays by th e  
em ission o f p a r t i c l e s  o r  quan ta  emerging in  s t a t i s t i c a l  com petition  
w ith  one a n o th e r . E x p erim en ta lly  t h i s  d e s c r ip t io n  f i t s  th e  energy 
d is t r ib u t io n  found f o r  most o f th e  p h o to -d is in te g ra t io n  p ro ducts  (see
2 8 / H. S teinw edel and J.H .D . Jen sen , Z. N a tu rfo rs c h ., 5a, 413> (1950).
29* P. Danos, Ann. d . P h y s ., 10, 265, (1952);
N ucl. P h y s ., 5> 23, (1958).
30. K. Okamoto, Phys. R ev., 110, 143 > (1958).
l *  Ü B K A R Y  1-1;
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fo r  example, r e fe re n c e s -^ , ^ , - ^ ) .  However, from a study o f th e  r a t i o s  
o f (y ,p )  to  (y ,n )  y ie ld s  from se v e ra l e lem ents, u sing  17*6 Mev y -ra y s , 
i t  was shown by H irz e l and W a f f le r ^ ,  th a t  th e re  i s  a lso  a y ie ld  o f 
h igh  energy p ro to n s  which i s  too  high to  be exp la ined  by a compound 
n u c leus th e o ry . O bservations o f t h i s  anomalous em ission o f h igh  energy 
pho to -p ro to n s  have been recorded  in  o th e r  e x p e r im e n ts^ »32*33 , ^
was proposed th a t  t h i s  i s  a d i r e c t  e f f e c t  which does no t proceed v ia  
a compound n u c leu s '^ * ^
0 7  OÖ
Wilkinson"'' * ' has given a d e sc r ip tio n  o f th e  g ia n t reson ­
ance e f f e c t  on th e  b a s is  o f th e  n u c le a r ,s h e l l  model. According to  
th e  model, th e  g ia n t resonance can be p ic tu re d  as composed o f a 
number o f in d iv id u a l l e v e l s ,  n , each of which i s  an e ig e n - s ta te  o f 
th e  n u c le a r  H am iltonian . The only  le v e l s  ex c ited  by E l ab so rp tio n
31. B.C. Diven and G.M. Almy, Phys. R ev., 80, 407> (1950).
32 . D.H. W ilkinson and J .H . C arver, Phys. R ev., 82., 466L, (1951)»
33 . P.R . B yerly and W.E. S tephens, Phys. R ev., 54» (1951)*
34« 0 . H irz e l and H. W affle r, H .P .A ., 20 , 373> (1947)*
35 . P. Jensen , N a tu rw iss ., 2j> 190, (1948).
36 . E.D. C ourant, Phys. R ev ., 82, 703» (1951)*
37. D.H. W ilkinson, P roc . Glasgow Conf. on N uclear and Meson P h y s ic s . 
p .161, (1955) .
38 . D.H. W ilk inson, Physica 22, 1039> (195b).
will be those whose wave functions contain appreciable amounts of an 
"ideal” state, <$ , formed by operating on the ground-state wave func­
tion with the electric dipole operator, and these levels will have 
energies which cluster about the expectation value of the energy for 
$ by using a velocity dependent potential (or, equivalently,
an effective nuclear mass equal to about g of its free value) in the 
calculations, the values of can be made to agree fairly well
with those determined experimentally^. The theory can also account 
for the observed variations in width of the giant resonance and for 
the strengths of the transitions. The anomalous emission of photo­
protons from heavy nuclei is accounted for by a "resonance direct"
mechanism by which a nucleon may be emitted from a single-particle
. . 38st 3X 0 •
From the theoretical viewpoint, it is therefore of consid­
erable interest to see to what extent the giant resonance can be re­
garded as composed of a clustering of individual levels. The level 
density in the giant resonance region is lower for light than for 
heavy nuclei, so that one would expect to observe any fine structure 
n»re readily in the light elements. Some experiments have been per-
39- F.C. Barker, Phil. Mag., 2, 780, (1957)*
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formed which report fine structure in this region of the periodic 
table. •
By irradiating photographic plates with bremsstrahlung,
7 A 12 i6reactions such as Li'(y,t)He , C (y,3a) and 0 (y,Aa) have been 
. A0,A1>42studied , and the results indicate the resonance absorption of
yrays into narrow levels of the target nuclei. In reactions of this 
type* the energy of the photon absorbed can be determined uniquely 
from a knowledge of the energies of the reaction products which are 
usually stopped in the emulsion. A careful examination of the photo­
neutron yield curves obtained with bremsstrahlung beams has been
A3 fAA> Ab . -made by Katz et al. ' and by Penfold and Spicer4'5. These
workers find evidence in some light elements for discontinuities or
AO. E.W. Titterton and T.A. Brinkley, Proc. Phys. Soc. Aö6, 19A1*
(1953).
Al. F.K. Goward and J.J. Wilkins, Proc. Phys. Soc., A217, 357, (1953)
A2. F.K. Goward and J.J. Wilkins, Proc. Phys. Soc., A65, 671, (1952).
A3* L. Katz, R.N.H. Haslam, R.J. Horsely, A.G.W. Cameron and 
R. Montalbetti, Phys. Rev., 95, A6A, (195A).
AA» J. Goldemberg and L. Katz, Phys. Rev., 95* A71* (195A).
A5« A.S. Penfold and B.M. Spicer, Phys. Rev., 100, 1377* (1955).
Ab. L. Katz, Washington Conf. on Photo-nuclear Reactions, (May, 1958)
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"breaks" in the slope of the yield curves which are interpreted as 
being due to the excitation of narrow levels. The "breaks” technique 
requires extremely fine control (1 5 kev) of the betatron since the 
difference between the observed integral yield curve with "breaks" 
and without "breaks" is small. Except in the region of the threshold, 
the differentiation of this yield curve requires taking small differ­
ences of large numbers, with the resultant disadvantage that any un­
avoidable fluctuations in the observed yield can produce relatively 
large fluctuations in the final result. Cohen at al.‘4^  have used 
nuclear emulsions to examine the energies of photo-protons ejected 
from Be9* , and O ' by a bremsstrahlung beam. The first excited 
states of the residual nuclei are sufficiently well removed from the 
ground state to permit determination of the energies of the photons 
responsible for ejection of protons in a small energy range. After 
the application of corrections for the incident bremsstrahlung spec­
trum, for escape losses due to protons leaving the emulsion, and, at 
lower proton energies, for the estimated effect of transitions to 
excited states of the residual nuclei, their results show some evid­
ence for fine structure in the giant resonance (y>p) cross-sections 
in these elements.
Apart from experimental difficulties, most of the methods
47. L. Cohen, A.K. Mann, B.J. Patton, K. Reibel, W.E. Stephens and 
E.J. Winhold, Phys. Rev., 104» 108, (1956).
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using  brems S trah lung  to  determ ine p re c is e  (y>p) and (Y>n ) c ro s s -  
s e c tio n s  in  l i g h t  n u c le i  s u f f e r  from th e  d isad v an tag es  in h e re n t in  
th e  com plexity o f th e  b rem sstrah lung  spectrum , and in  th e  am biguity  
in  de term in ing  th e  s t a t e  to  which t r a n s i t io n s  a re  made in  th e  r e s id ­
u a l n u c leu s . I d e a l ly ,  th e  way to  measure a (y>p) c ro s s -s e c t io n  in  
th e  g ia n t resonance reg io n  would be to  have a co n tinuously  v a r ia b le ,  
m ono-energetic x~ray  source and a p ro ton  d e te c to r  w ith  re s o lu t io n  
good enough to  d is t in g u is h  t r a n s i t i o n s  to  th e  ground s t a t e  o f th e  
re s id u a l  n u c leu s . So f a r ,  no such y -ray  source has been developed. 
However, th e re  i s  an a l t e r n a t iv e  method o f ta c k l in g  th e  problem .
th e  (p , y ) c ro s s - s e c t io n s  fo r  two m utually  in v e rse  re a c tio n s  a re  r e ­
la te d  by d e ta i le d  b a la n c in g . T his means th a t  th e  shape o f th e  g ia n t 
resonance may be determ ined  eq u a lly  w e ll by bombarding what was, in  
th e  p h o to -d is in te g ra t io n  re a c t io n ,  th e  r e s id u a l  nucleus w ith  c o n tin ­
uously  v a r ia b le  m ono-energetic  p ro tons and u sing  a y r a y  d e te c to r  w ith  
re s o lu t io n  good enough to  d is t in g u is h  t r a n s i t i o n s  to  th e  ground s t a t e  
of what p re v io u s ly  was th e  t a r g e t  n u c leu s . In  g en e ra l t h i s  would 
re q u ire  a p ro ton  source  w ith  energy co n tin u o u sly  v a r ia b le  between
48. H.A. B ethe, Rev. Mod. P h y s., 9 , S ec tio n  14» (1937)*
I t  was p o in ted  ou t by Bethe in  1937 th a t  th e  (y»p) and
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about 5 and 15 Mev, and i t  i s  on ly  re c e n tly  th a t  such a source has 
been re a l is e d  w ith  th e  development o f th e  tandem -sty le  Van de G raaff 
g e n e ra to r . In C hap ters  IV and V o f t h i s  th e s i s ,  however, experim ents 
a re  d esc rib ed  dem o n stra tin g  th e  f e a s i b i l i t y  o f m easuring (p ,y )  y ie ld  
curves u s in g , as th e  source o f p ro to n s , a fix ed -en erg y  c y c lo tro n  in  
co n ju n c tio n  w ith  s to p p in g  f o i l s  and, as th e  y n a y  d e te c to r ,  th e  
N a l(T l) s c i n t i l l a t i o n  sp ec trom eter d e sc rib e d  in  C hapter II. This 
tech n iq u e  has been employed to  measure th e  shapes o f th e  g ia n t reso n ­
ances in  Be^ and C ^  by means of th e  in v e rse  re a c tio n s  L i^(p ,y )B e^ 
and B  ^ ( p , y )C^^. In  C hapter VI s im ila r  experim ents a re  d e sc rib ed  
r e la t in g  to  reg io n s  o f n u c le a r  e x c i ta t io n  ju s t  below th e  g ia n t r e s ­
onance in  se v e ra l o th e r  n u c le i .
CHAPTER II.
THE DETECTION OF HIGH-ENERGY GAMMA RAYS WITH A LARGE Nal(TL) CRYSTAL. 
2.1 Introduction.
The energy determination for mono-energetic X“ra¥ s is
usually accomplished by one of two possible methods. In the first
single interactions of the photons with matter are analysed and in the
second the result of multiple interactions is examined. Examples of
spectrometers based on the first method are the bent-ciystal spectro- 
1 2meter , the magnetic pair spectrometer and detectors using photonuclear 
reactions (reviewed by Bishop and Wilson";. These spectrometers are 
capable of good energy resolution (< 5%), but their detection effi­
ciencies are extremely low (generally only a small fraction of a per­
cent) and to use them to measure the low intensity y-rays characteristic 
of capture reactions would usually require intolerably long experiment­
al times.
The scintillation counter is a spectrometer of the second 
type in which a photon interacts many times with the detector
1. J.W.M. Dumond, Rev. Sei. Instr., 18, 626, (1947)*
2. R.L. Walker and B.D. McDaniel, Phys. Rev., 74, 315, (1948).
3. G. Bishop and R. Wilson, Chapter VI (111) of »Beta- and Gamma-ray 
Spectroscopy”. Ed. K.Siegbahn, North Holland, Amsterdam, (1955)*
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and i s  fre q u e n tly  t o t a l l y  ab so rb ed . The in tro d u c tio n  o f th e  s in g le  
N a l(T l) c r y s ta l  d e te c to r 4* ' made p o s s ib le  a spec tro m ete r capable  o f 
both  good re s o lu t io n  and high d e te c t io n  e f f ic ie n c y . For la rg e  c r y s ta ls  
th e  d e te c t io n  e f f ic ie n c y  can be made to  approach 100$.
Most o f th e  Y^ray m easurements d e sc rib ed  in  th e  succeeding 
ch ap te rs  were made u sing  a la rg e  th a l l iu m -a c t iv a te d  sodium io d id e  
c r y s ta l ,  4 i n .  long by 5 in .  d ia m e te r . The fo llow ing  s e c t io n s  d e sc rib e  
th e  behav iour of t h i s  c r y s ta l  a s  a  sp ec tro m e te r.
2 .2  T h e o re tic a l ly  expected b eh av iou r o f th e  c r y s t a l .
A Y-ray quantum in c id e n t  upon th e  c r y s ta l  can in te r a c t  
w ith  i t  in  one o f th re e  main ways. At low y -ray  en e rg ie s  (below 250 
kev) th e  p h o to -e le c t r ic  e f f e c t  g iv e s  th e  m ajor c o n tr ib u tio n  to  th e  
t o t a l  ab so rp tio n  c ro s s - s e c t io n , w h ile  fo r  in te rm e d ia te  en e rg ie s  (0 .25 
to  7 Mev) th e  Compton e f f e c t  p redom ina tes. For x -ra y  e n e rg ie s  above 
1 .02  Mev p a i r  p roduction  i s  p o s s ib le  and a t  en erg ies  above 7 Mev in  
N a l(T l) t h i s  becomes th e  main in te r a c t io n  p ro c e ss . Each p ro cess  l i b ­
e ra te s  e le c tro n s  in  th e  c r y s ta l  and th e  r e s u l t in g  s c i n t i l l a t i o n s  a re  
am p lified  by th e  p h o to -m u ltip lie r  as  e l e c t r i c a l  p u lse s  which can be
4» J .A . M cIntyre and R. H o fs ta d te r , Phys. R ev., 78, 617> (1950) 
5. S.A .E. Johannson, N ature 165, 396, (1950).
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so rte d  in to  a p u lse -h e ig h t spectrum .
£
Foote and Koch have c a r r ie d  out t e s t s  on a N al(T l) spec­
tro m e te r 8 i n .  long by 5 in .  d ia m e te r . They f in d  th a t  fo r  in c id e n t 
y -ray  e n erg ies  up to  about 3 Mev th e  re s o lu t io n  ob ta ined  in  th e  p u ls e -  
d is t r ib u t io n  i s  determ ined m ain ly  by s t a t i s t i c a l  f lu c tu a t io n s  in  th e  
number o f  th e  p h o to -e le c tro n s  l ib e r a te d  from th e  p h o to -ca thode. For 
h ig h e r e n erg ies  th e  re s o lu t io n  g e ts  s l ig h t ly  worse due to  energy lo s s e s  
from th e  c r y s ta l .  S ince , in  th e  experim ents to  be d e sc rib e d , th e  
c r y s ta l  was only  used to  examine y -ray s  w ith  en e rg ie s  g re a te r  th an  3 
Mev, i t  i s  o f in t e r e s t  to  examine b r i e f ly  th e  causes of energy lo s s  
from th e  c r y s ta l .  At th e se  in c id e n t ^ r a y  en e rg ie s  th e  prim ary i n t e r ­
a c tio n  o f a photon w ith  th e  c r y s ta l  w i l l  u su a lly  be e i th e r  a  Compton 
s c a t te r in g  o r  a p a i r  p ro d u c tio n  e v en t. A f r a c t io n  o f th e  in c id e n t 
energy may th en  be l o s t  by any o f th e  fo llow ing  p ro cesses :
(a )  The s c a t te re d  quantum fo llo w in g  a Compton even t may escape.
(b ) Following p a i r  p ro d u c tio n  th e  e le c tro n  and p o s itro n  w i l l  come to  
r e s t  in  th e  c ry s ta l  and th e  p o s itro n  w i l l  a n n ih i la te  producing two 
0.511 Mev q u an ta , one o r bo th  o f which may escape.
(c )  For h igh  energy y -ray s  p a i r  p ro d uction  re le a s e s  f a s t  e le c tro n s
6 . R .S. Foote and H.W. Koch, Rev. S e i. I n s t r . ,  25, 746, (1954)
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and positrons in the crystal and these lose paid: of their kinetic 
energy by the emission of brems Strahlung radiation, some of which 
may escape.
(d) For high energy y-rays the escape of electrons or positrons 
through the walls of the crystal becomes significant.
(e) Some portion of the energy of the secondary quanta mentioned 
in (a),(b) and (c) may escape following further interactions in the 
crystal.
For a large crystal the effect of processes (a),(c),(d) 
and (e) is to produce a low-energy "tail" on the pulse-height 
distribution for mono-energetic y-radiation. The escape of one or 
both annihilation quanta, (b), gives rise to two satellite peaks in 
the distribution situated at 0.51 and 1.02 Mev below the total 
absorption peak.
7
The response function of a Nal(Tl) crystal spectrometer 
could, in principle, be calculated analytically from the theory 
of gamma-ray absorption and of energy loss of electrons.
7» i.e. the function relating the observed pulse-height distribution 
to the true y-ray spectrum.
8. D. Maeder, R. Muller and V. Wintersteiger, Helv. Phys. Acta, 27, 
3, (1954).
lOOO 2 5 0 0 '
4-45 MEV
4*45 MEV
8 0 0 2000-
“- 4 0 0 -
KCKSORTER CHANNELS
F igu re  2 .1  ( a ) » Monte C arlo  c a lc u la t io n  o f th e  p u ls e -h e ig h t 
spectrum  expected fo r  4*45 Mev y -ra y s  (B erger and D oggett)
( b ) « Spectrum o f 4«45 Mev y -ra ys  o b ta in ed  from th e
l l  12B ( p >y )C reac tio n *  (J  inch  d iam eter a x ia l  c o l l im a tio n ) .
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In p r a c t ic e ,  however, th e  m u l t ip l i c i ty  o f th e  p ro cesses  involved makes 
t h i s  approach im p ra c tic a b le , a lth o u g h  an approxim ate a n a ly t ic a l  c a lc u l -
Ö
a t io n  has been c a r r ie d  out by Maeder e t  a l .  f o r  sm all c r y s ta l s .  In s te a d ,
Monte C arlo  c a lc u la t io n s  o f th e  response  fu n c tio n  have been made. In
th e s e ,  th e  f a te  o f a s in g le  quantum in c id e n t  on a c r y s ta l  i s  fo llow ed
u sin g  random sam pling in  co n ju n c tio n  w ith  known in te r a c t io n  p r o b a b i l i t i e s
to  determ ine  th e  sequence o f i n te r a c t io n s .  When t h i s  i s  done fo r  many
in c id e n t q u an ta , a t h e o r e t i c a l  " p u ls e -h e ig h t d i s t r ib u t io n "  i s  o b ta in ed ,
which i s  an analogue o f th e  p h y s ic a l one. Such a c a lc u la t io n  was
9
f i r s t  done by Campbell and Boyle f o r  sm all c r y s ta l s  up to  2 .8  i n .  long  
by 1 .6  in .  d iam eter and f o r  y~nay e n e rg ie s  o f 6 , 12 and 18 Mev.
10
B erger and Doggett have used an au tom atic  computer to  
make a Monte C arlo  c a lc u la t io n  o f th e  response  fu n c tio n s  fo r  a v a r ie ty  
o f c y l in d r ic a l  c r y s ta l s  rang ing  in  s iz e  from sm all (J  i n .  lo n g  by ^ in* 
d iam e te r) to  very  la rg e  (9 i n .  long  by 5 in .  d iam eter) fo r  r a d ia t io n  
in c id e n t w ith  se v e ra l e n e rg ie s  up to  4*45 Mev. T h e ir spectrum  f o r  4»45 
Mev y ^ a y s ,  u s in g  a 4 i n .  lo n g  by 5 i n .  d iam eter N al(T l) c r y s t a l ,  i s  
shown in  F ig u re  2 .1 ( a ) .  I t  was d e riv ed  by t r a c in g  th e  h i s to r i e s  of 
5,000 quan ta  in c id e n t in  a f in e ly  c o llim a te d  beam along th e  c r y s ta l  
a x is .  The peaks marked "A" and "B" in  F igure  2 .1 (a )  a re  th e  peaks
9 . J .G . Campbell and A .J .F . Boyle, A ust. J .  P h y s ., 6, 171> (1953)»
10. M .J. B erger and J .D o g g e tt, J .R .N .B .S ., 56, 355> (1956).
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corresponding to the escape from the crystal of one and two positron 
annihilation quanta respectively. As is to be expected for a crystal 
of this size, the main peak in the spectrum is the total absorption 
peak. Another consequence of the size of the crystal is that the 
double escape peak, B, is much less intense than the single escape 
peak, A. This may be explained by assuming that if a positron comes 
to rest in such a position in the crystal that one annihilation quant­
um escapes, then the chances are high that the other quantum will be 
captured since it is emitted in the reverse direction and probably to­
wards the bulk of the crystal.
2.3 Crystal Mounting.
The L in. long by 5 in. diameter crystal which was used in
11
most of the experiments was supplied by Harshaw and is encapsulated 
in a machined aluminium container with 0.0A0 in. wall thickness. The 
backcap of the assembly is spun aluminium 0.020 in. thick and the glass 
window at the photo-tube end is 3/8 in. thick. The reflecting medium 
surrounding the crystal at the side walls is packed aluminium oxide 
l/8 in. thick. At the backcap end a thin beryllium copper spring ex­
erts a pressure around the periphery of the crystal, which holds it 
against the glass window. There is a silicone interface maintaining
11. The Harshaw Chemical Company, Cleveland, Ohio, U.S.A
PHOTOTUBE HEAD SUPPLY
CATHODE FOLLOW ER OUTPUT
NEOPRENE R*NC
MU-METAL SHIELD 
light-tight shield
IMINIUM 
UNTING RING
DUMONT
.NEOPRENE GASKETS
PHOTOTUBE
GAMMA
RAYS
N « t (TL)
STEEL SHIELDING BLOCK < * < * 6 LEAD COLLIMATOR
Figure 2»2 The assembled y-ray  spectrometer
- 27-
the optical coupling between the crystal and glass window and the re­
flector at the back of the crystal is aluminium oxide sprayed on a 
0.005 in* aluminium foil sheet.
A special mounting for the crystal assembly and photo-tube 
was designed to give maximum flexibility in using the complete spec­
trometer. The arrangement which was used most frequently is shown 
scheaatically in Figure 2.2. The crystal was screwed, by means of its 
aluminium mounting ring, on to a steel plate J x 9 x 9 in. A 5i in. 
diameter hole in the centre of this plate permitted contact of the 
phototube with the glass window of the crystal assembly, and optical 
contact between the two was achieved using a high viscosity silicone 
grease. The phototube was screened from stray magnetic fields by a 
mu-metal shield and a steel cover l/l6 in. thick. This cover also 
served as a light-tight shield and was a sliding fit over a 6 in. 
diameter ring screwed to the J x 9 x 9 in. plate. Light seals were 
effected using two thin neoprene gaskets in conjunction with the 
steel plate and, at the phototube base, by a neoprene ring which was 
clamped to the steel cover by a brass ring and fixed to the phototube 
base with black "Scotch” tape. This assembly could then be attached, 
by means of screws through the plate, to a rectangular steel block,
5i x 9 x 9 in., which had been bored out to take the crystal and its 
aluminium mounting ring. The steel block and plate provided shield-
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ing  o f th e  c r y s ta l  a g a in s t  background r a d ia t io n ,  and th e  o v e ra l l  d i ­
mensions o f t h i s  assem bly were 9 x 9 x 6  in c h e s . These dim ensions 
were chosen to  f a c i l i t a t e  u s in g  th e  s te e l  b lock  in  con junction  w ith  
th e  9 x 3  x 3 in .  le a d  b r ic k s  in  th e  la b o ra to ry .
Three stepped  h o le s  la b e l le d  ( a ) , ( b ) ,  and (c)  in  F igure 
2 .2 , were bored in  th e  b lock  to  allow  a y -ray  beam to  be co llim a ted  
onto th e  c r y s ta l  in  one o f th re e  d i r e c t io n s .  The th re e  methods o f 
c o llim a tio n  used were:
(a )  A xial c o ll im a tio n , where th e  y -ray s  a re  co llim a ted  along th e  
ax is  o f th e  c r y s ta l  c y l in d e r .
(b) S ide c o ll im a tio n , where th e  y -ray s  a re  c o llim a te d  along a diam­
e te r  in  th e  c e n tre  o f  th e  c r y s ta l  c y lin d e r .
(c )  D iagonal c o ll im a tio n , where th e  y -ray s  a re  co llim a ted  along a 
d iagonal o f th e  c r y s ta l  c y l in d e r .
The d iam eter o f a c o llim a tin g  ho le  could be changed by in s e r t in g  a 
s u i ta b ly  machined s t e e l  p lu g , and when no t in  u se , co llim a tin g  h o les  
were plugged w ith  s o l id  p ie c e s  o f s t e e l .  C o llim atin g  h o le s  up to  
1 in .  d iam eter could be used w ith  a x ia l  and s id e  c o llim a tio n  and up 
to  i  i n .  d iam eter w ith  d iag o n al c o llim a tio n . S ev era l le ad  sh ie ld s  
having c o llim a tin g  h o le s  o f v a rio u s  s iz e s  were made up fo r  use w ith  
th e  s te e l  b lo ck . When no c o llim a tio n  was re q u ire d , th e  com bination 
o f c r y s ta l  and photo tube could  be removed from th e  s te e l  block by
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unscrewing and removing the steel plate.
The phototube employed was selected from a group of six 
Dumont 6364 tubes on the basis of resolution and stability of gain 
at high counting rates. The chain of bleeder resistors for the 
phototube together with a cathode-follower output stage, was contain­
ed in a small head amplifier attached to the phototube socket.
Positive going pulses from the last dynode passed through the cathode-
12follower into a Higinbotham non-overload amplifier and then into a
13Hutchinson-3carrott multi-channel analyser .
2.4 Performance of the Crystal.
(a) Comparison with Theory»
Figure 2.1(b) shows a pulse-height spectrum of 4*45 Mev 
11 12Y'-rays obtained from the B (p>y)C reaction at the 160 kev reson­
ance. The low energy tail produced by the 11.7 Mev y^rays arising 
from the same reaction has been estimated and subtracted off to give 
this spectrum. Gamma rays from the boron target were collimated 
into a beam along the crystal axis by a J in. diameter hole in a 3 in. 
thick lead wall. The experimental spectrum, Figure 2.1(b), is there-
12. W.A. Higinbotham, U.S.A.E.C. report BNL - 234 (1953)*
13. G.W. Hutchinson and G.G. Scarrott, Phil. Mag., 42, 792, (1951)*
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fore directly comparable with the theoretical one, Figure 2.1(a), 
since the Monte Carlo calculation was made assuming fine axial coll- 
imation. Although the theoretical result is in the form of a rather 
rough histogram, the gross features of the distributions may be com­
pared.
The general shapes of the two spectra are similar except 
that the experimental one has a much more pronounced low energy tail 
which rises steeply at the lowest energies. Most of this tail (cer­
tainly that part above the dashed line in Figure 2.1(b) ) is probably 
attributable to low energy electrons and scattered quanta arising 
from interactions of the primary y^ray beam with the walls of the 
collimating channel. This effect is not considered in the calculation 
where a "clean" collimation is assumed.
The experimentally determined photo-fraction^calculated
for the spectrum of Figure 2.1(b), excluding the low-energy pulses
above the dashed line, is 0.27» which is significantly lower than the 
10theoretical value of 0.49» ’The discrepancy could be due to the 
fact that the calculation does not take into account energy losses due 
to electron escape from the crystal. Also, at high y-ray energies,
14* That is, the number of pulses in the full-energy peak expressed 
as a fraction of the total number of pulses.
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the approximations used by Berger and Doggett for the escape of 
secondary bremsstrahlung and annihilation quanta become less reliable.
2.4(b) Spectra at Various Gamma-ray Energies.
Figures 2*3 to 2.6 show a variety of pulse-height distrib­
utions obtained using y-rays from some proton capture reactions.
Each of these spectra was recorded using side collimation through a 
lead wall with a collimating hole 3 in» long by 1 in. diameter.
The distributions from the 4*4 and 11.7 Mev y-rays aris-
11 12ing from the 160 kev resonance in B (p,y)C are shown in Figures 2.3(a) 
and (b). The estimated low-energy tail of the 11.7 Mev radiation is 
shown in Figure 2.3(a) as a broken line. The distribution produced 
by the 6.1 Mev y-rays from the 340 kev resonance in the F^(p,a,y)0^° 
reaction is shown in Figure 2*4» The less intense 7»1 Mev radiation 
is also resolved. Figure 2.5 shows the spectrum of 8.1 Mev y-rays 
arising from the 550 kev resonance in C (p>y)N . The small peak 
at about 4 Mev in the spectrum is due to cascade y-rays proceeding 
through the 3 »95 Mev level in N ^ *
It is evident from these spectra that, for higher energy 
y-rays, the single escape peak becomes larger than the full-energy 
peak, and at energies of greater than about 12 Mev it is to be ex­
pected that the two peaks will not be resolved from each other. This
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effect is illustrated in Figure 2.6 which shows two spectra obtained 
using the Li'(p,Y)Be reaction at resonant and non-resonant proton 
energies. The lithium metal target was 80 kev thick. The two y-ray 
lines from this reaction are a sharp 17.6 Mev line produced by trans-
c>itions to the ground-state of Be , and a broad 14.8 Mev component
aproduced by transitions to the broad 2.9 Mev state in Be (P2^  2 Mev). 
At the 441 kev resonance, transitions to the ground state predominate 
while at higher proton energies the main transitions are to the 2.9 
Mev state. The broad nature of the 14*8 Mev component is clearly 
evident from the spectra.
2.4 (c) The Effect of Direction of gollimation.
With large cylindrical crystals it has generally been
the practice to collimate (when necessary) the incident y-radiation
6,15into a narrow beam along the crystal axis • Tests were carried 
out, however, which show that the best results with a 4 in. long by 
5 in. diameter crystal are not necessarily obtained using axial 
collimation.
With a 3 in. long by § in. diameter collimating hole in
15. H.W. Koch and J.M. Wyckoff, Proc. 6th. Scintillation Counter 
Symposium, I.R.E. Trans. N.S.-5> 127> (1958).
to  70
Cm) CM U)
Figure 2.7« Ganma-ray spectra recorded at the 340 kev resonance 
in the F^(p,a,y)0^ reaction for three different directions of
collimation
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a lead  w a ll, sp e c tra  were reco rded  a t  v a rio u s  y -ra y  en erg ies  between 
U * U  and 17*6 Mev usin g , in  tu r n ,  each of th e  th re e  d ire c t io n s  of 
co llim a tio n  d esc rib ed  in  § 2.3* At each y -ra y  energy th e  r e s u l t  was 
th e  same: s id e  co llim a tio n  gave th e  b e s t  r e s o lu t io n ,  d iagonal c o l l -
dmation was n e a r ly  as good and a x ia l  c o llim a tio n  was d i s t i n c t l y  worse 
This i s  i l l u s t r a t e d  in  F igure 2 .?  where th e  h ig h -en erg y  reg io n  o f th e  
y -ray  spectrum  from th e  340 kev resonance in  th e  F (p ,d ,y )0  r e ­
a c tio n  i s  examined using  th e  th r e e  d ire c t io n s  o f c o ll im a tio n . I t  
w il l  be seen th a t  th e  p ro p o rtio n  of a n n ih i la t io n  quan ta  which escape 
from th e  c r y s ta l  i s  s ig n i f ic a n t ly  g re a te r  in  th e  case  of a x ia l  c o l l ­
im ation th an  in  th e  case o f e i t h e r  of th e  o th e r  two methods. F u rth e r 
i t  i s  ap p aren t th a t  th e  w idth o f th e  fu ll -e n e rg y  peak i s  sm alle r fo r  
s ide  c o llim a tio n  than  i t  i s  fo r  e i th e r  d iag o n al o r  a x ia l  c o ll im a tio n .
In  an a ttem pt to  ex p la in  th e se  e f f e c t s ,  a t  l e a s t  q u a l­
i t a t i v e l y ,  i t  i s  convenient to  d is t in g u is h  between two causes o f 
energy lo s s  from  th e  c r y s ta l :  th e se  a re  ( i )  th e  escape o f 0 .511
Mev a n n ih i la t io n  quanta and ( i i )  th e  escape o f energy as a r e s u l t  
of any o f th e  o th e r  p ro cesses  l i s t e d  in  § 2 .2 .  Escape o f ty p e  ( i )  
g ives r i s e  to  two s a t e l l i t e  peaks which may o r  may no t be re so lv ed  
in  th e  p u ls e -h e ig h t d i s t r ib u t io n ,  w h ile ,a t  th e s e  in c id e n t y -ray  
e n e rg ie s , escape o f type  ( i i )  produces an asym m etrical b roaden ing  of
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both the full-energy peak and the satellite peak. If, in Figure 2.7> 
we take the relative heights of the full-energy peak and the single­
escape peak as an index of the resolution, then both types (i) and 
(ii) of escape are included since a broadening of the full-energy 
peak will also give a contribution under the single escape peak, 
thereby increasing the apparent height of this peak.
Let us further make the assumption that the electrons and 
positrons created in the crystal have zero range, an approximation
16
which is expected to be reasonable for the y“ray energies considered. 
This means that the interactions of primary photons with the crystal 
may be regarded as equivalent to a linear source of secondary photons 
(annihilation quanta, brems Strahlung and quanta from Compton scatter­
ing events) along the direction of collimation of the incident beam, 
and with a source strength decreasing in an approximately exponential 
fashion with depth in the crystal. We now consider the relative 
merits of different directions of collimation in terms of the escape 
from the crystal of some of these secondary quanta.
The escape of brems Strahlung and Compton photons will 
give rise to energy losses of the type (ii) referred to previously.
1016. e.g. 4 Mev electrons have a range of 0.86 cm. in Nal(Tl) and 
this is small compared with the crystal dimensions.
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These quanta  a re  em itted  p r e f e r e n t ia l ly  tow ards th e  forw ard d ire c t io n  
T h e re fo re , to  reduce t h i s  type  o f energy lo s s  fo r  a c r y s ta l  whose 
dim ensions o f le n g th  and b read th  a re  com parable, one would expect to  
o b ta in  th e  b e s t r e s u l t s  by u sing  a type of c o llim a tio n  which gave a 
depth  in  th e  c r y s ta l  (measured along th e  d i r e c t io n  o f th e  y“ ray beam) 
la r g e r  than  th e  w idth (measured a t  r ig h t  an g les  to  th e  beam). This 
would accoun t, in  p a r t ,  fo r  th e  improvement ob ta in ed  in  going from 
a x ia l  c o llim a tio n  (d e p th ,d  = 4 i n . )  to  s id e  ( d  -  5 i n . )  o r  d iagonal 
(d = 6 .4  i n . )  c o llim a tio n .
I t  can be seen from F igure 2 .7  t h a t  th e  b read th  o f th e  
fu ll -e n e rg y  peak i s  sm a lle r fo r  s id e  than  fo r  d iagonal c o llim a tio n  
in  s p i te  of th e  g re a te r  depth  a v a ila b le  w ith  th e  l a t t e r  method. This 
could be due to  a corresponding  decrease  in  th e  " e f f e c t iv e "  w idth o f 
th e  c r y s ta l  and p o ss ib ly  due to  uneven l i g h t  c o l le c t io n .  Side 
c o llim a tio n  has th e  advantage t h a t  th e  s c i n t i l l a t i o n s  occur a t  p o in ts  
in  th e  c r y s ta l  which a re  roughly e q u i-d is ta n t  from th e  cathode o f th e  
pho to -tube  making l ig h t  c o l le c t io n  unifo rm ly  e f f i c i e n t .
Energy lo s s e s  o f th e  type  ( i )  occur when p o s itro n  
a h n ih i la t io n  quanta escape. The two 0.511 Mev quan ta  a re  u su a lly
17. W. H e i t le r ,  "The Quantum Theory o f R a d ia tio n " . Oxford U n iv ers ity  
P re s s . 1936.
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c re a te d  only  a f t e r  th e  p o s itro n  has come to  r e s t  so th a t  they  a re  
em itted  is o t r o p ic a l ly  and in  o p p o site  d i r e c t io n s .  Of th e  t o t a l  
number o f  prim ary in te r a c t io n s  between th e  in c id e n t Y“ ra y s and th e  
c r y s ta l ,  th e  f r a c t io n  which c o n tr ib u te  to  th e  escape peak w i l l  be 
determ ined mainly by th e  f r a c t io n  o f th e  in te r a c t io n s  o ccu rrin g  n ear 
a face  o f th e  c r y s ta l .  To a f i r s t  approx im ation , we may co n sid e r an 
a n n ih i la t io n  quantum as escap ing  i f  i t  i s  formed in  th e  c r y s ta l ,  a t  
a p o in t whose d is ta n c e  from any face  o f th e  c r y s ta l  i s  l e s s  than  a
18
mean f r e e  path  ( f o r  0 .511 Mev quantum in  N a l(T l) , t h i s  i s  1.21 in .  ) . 
I f  we reg ard  th e  sources o f a n n ih i la t io n  quanta  as  d is t r ib u te d  ex­
p o n e n tia lly  along th e  l in e  o f c o llim a tio n  th rough th e  c r y s ta l ,  then  
i t  i s  ev id en t th a t  th e  f r a c t io n  o f th e se  sources lo c a te d  le s s  than  
1 .21  in .  from a c r y s ta l  face  i s  sm alle r fo r  s id e  c o llim a tio n  than fo r  
a x ia l  c o ll im a tio n . For d iag o n al c o ll im a tio n , th e  f r a c t io n  seems to  
be about th e  same as th a t  fo r  s id e  c o llim a tio n  (F igu re  2 .7 )*  The 
advantage of th e  in c re a se d  depth  o b ta in ed  w ith  d iag o n al co llim a tio n  
i s  p robab ly  o f f - s e t  by th e  f a c t  th a t  th e  Y“ ra y s e n te r  and leav e  th e  
c r y s ta l  th rough c o m ers  ( r a th e r  than  th rough  f l a t ,  o r n e a r ly  f l a t ,  
s u rfa c e s  as in  th e  o th e r  methods o f c o llim a tio n )  w ith  a consequent 
in c re a se  in  th e  escape o f a n n ih ila t io n  q u an ta .
18. G.R. W hite, NBS Report No.1003 (1952)
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Figure 2.8. Gamma-ray spectra recorded at the 340 kev resonance 
in the F^(p,0,^)0^ reaction showing the effect of collimating
diameter
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2 .4 (d ) The E ffe c t o f C o llim atin g  D iam eter.
Using s id e  co llim a tio n  th rough a 3 in .  le ad  w a ll, s p e c tra  
were recorded  a t  Y"ra y en erg ies  between 4«4 and 17*6 Mev to  examine 
th e  e f f e c t  o f v a r ia t io n  in  d iam eter o f th e  c o llim a tin g  ch an n e l. The 
r e s u l t s  were s im ila r  throughout th e  range o f Y” ray e n erg ies  and a re  
shown in  F igure 2 .8  fo r  th e  case o f f lu o r in e  y - ra y s . With no 
co llim a tio n  a t  a l l  th e  energy escape from  th e  c iy s t a l  i s  much h ig h e r 
than  w ith  c o llim a tio n : indeed fo r  un co llim ated  6 .1  Mev Y“ ra y s th e
escape peak i s  more in te n se  than  th e  fu l l - e n e rg y  peak. By c o ll im a t­
ing th e  Y -rays in to  a beam, i t  i s  ensured th a t  most of th e  second­
ary  r a d ia t io n  i s  em itted  from p o in ts  n o t f a r  from th e  l in e  of 
c o llim a tio n  in  th e  c r y s ta l ,  and th e  chances o f escape a re  correspond­
in g ly  low er. In going from 1 in .  to  J  in .  d iam eter c o llim a tio n  an 
improvement in  re s o lu t io n  i s  o b ta in ed , b u t f u r th e r  red u c tio n  in  th e  
d iam eter o f th e  h o le  ( l / 4  and l / 8  in .  d iam eter c o llim a tio n s  were t r i e d )  
does n o t reduce th e  p ro p o rtio n  o f energy escape a p p re c ia b ly . In  f a c t ,  
fo r  c o llim a tin g  d iam eters  o f l e s s  th an  \ in .  th e re  i s  a d isadvan tage  
in  th a t  th e  low -energy " t a i l "  in  th e  spectrum  beg ins to  grow proh ib­
i t i v e l y  la rg e  r e l a t i v e  to  th e  fu ll -e n e rg y  peak . This e f f e c t  i s  prob­
ab ly  due to  an in c re a se  in  th e  f r a c t io n  o f low -energy quan ta  and e l ­
ec tro n s  coming from th e  w a lls  of th e  c o ll im a to r  (s in c e  th e  w a ll a rea
of th e  c o llim a tin g  ho le  i s  in c reased  r e la t iv e  to  i t s  c ro s s - s e c t io n a l  
a rea  a t  sm alle r d ia m e te rs ) .
Even i f  a " c le a n 1* and i n f i n i t e l y  f in e  c o llim a tio n  could 
be ob ta ined  in  p r a c t ic e ,  one would n o t expect to  g e t re s o lu t io n  
which was s ig n if ic a n t ly  b e t t e r  th an  th a t  o b ta in ed  w ith  J  in .  d iam eter 
c o ll im a tio n . The reason  f o r  t h i s  i s  t h a t ,  a lth o u g h  th e  secondary 
e le c tro n s  re le a se d  in  th e  c r y s ta l  t r a v e l  m ainly fo rw ards, }  2 .4 (c ) )  
th e re  i s  s t i l l  an ap p re c ia b le  side-w ays s c a t t e r  and even fo r  an 
i n f i n i t e l y  f in e  co llim a tio n  t h i s  s c a t t e r  i s  o f th e  o rd e r of J  in .  
d iam e te r .
2 .4 (e )  Cosmic Rays.
The passage of cosmic ray s  (m ainly r e l a t i v i s t i c  p-m esons)
through th e  c r y s ta l  g iv es  r i s e  to  background p u lse s  whose h e ig h ts
a re  p ro p o r tio n a l to  th e  energy lo s s e s  o f th e  in c id e n t p a r t i c l e s .  For
jjt-mesons which pass r ig h t  through th e  c r y s ta l ,  th e  energy lo s s  i s
roughly p ro p o r tio n a l to  th e  pa th  le n g th  o f th e  meson in  th e  c r y s ta l .
19This e f f e c t  has been s tu d ied  by Hudson and H o fs ta d te r  who fin d  
th a t  th e  most p robab le  energy lo s s  o f p-mesons in  Nal i s  12.5 Mev 
p er in .  o f pa th  le n g th , and th a t  f o r  a given p a th  le n g th , th e
19. A. Hudson and R. H o fs ta d te r , Phys. R ev ., 88, 589, (1952).
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Figure 2*9 Spectrum of cosmic-rays
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energy straggling is unsymmetrical having a high-energy "tail”.
Thus p-mesons travelling down the crystal axis would be expected 
to lose about 50 Mev, and those going along a diameter would lose 
62.5 Mev. The longest possible path in the crystal is a diagonal 
one (6.4 in.) which corresponds to 80 Mev energy loss.
Figure 2.9 shows a cosmic ray spectrum recorded at an
elevation of 2,000 feet above sea level over a period of one hour.
The energy scale extends out to 160 Mev and has been calibrated
7 8using 17*6 Mev yrays from the 441 kev resonance in the Li (p,y)Be 
reaction. The linearity with energy of the crystal and its assoc­
iated electronics has been checked up to 17*6 Mev and after taking 
precautions against possible saturation effects in the photo-tube 
and the pulse amplifier, it was assumed that the energy scale was 
linear to loO Mev. The spectrum of Figure 2.9 was recorded under 
two feet of concrete, and with the axis of the crystal vertical.
It shows a prominent peak at 60 Mev superimposed 011 a pulse dis­
tribution which steadily decreases with energy.
The position of the peak in the spectrum corresponds well 
with that to be expected from )jt-mesons with large path-lengths in 
the crystal. The exact shape and position of this peak will be a
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fu n c tio n  o f th e  shape and o r ie n ta t io n  o f th e  c r y s ta l  c y lin d e r , th e  
an g u lar d i s t r ib u t io n  o f th e  in c id e n t  p-m esons, and th e  s tra g g lin g  
of th e  energy lo s s e s  in  th e  c r y s t a l .  The la rg e  number of sm a lle r 
p u lses  i s  p robably  due to  p,-mesons w ith sh o rt p a th  le n g th s . At 
en erg ies  g re a te r  than  100 Mev in  th e  spectrum  i t  i s  u n lik e ly  th a t  
th e  p u lse s  a re  due to  th e  passage  o f p,-mesons. These p u lses  ex tend­
ing out to  a t  l e a s t  160 Mev a re  probably caused by s ta r s  o r  n u c le a r
in te r a c t io n s  i n i t i a t e d  in  th e  c r y s ta l  by th e  N component o f th e
20cosmic ra y s . S ta n d il has observed such p u ls e s  extending o u t to  
over 1,000 Mev in  N al.
20 . S. S ta n d i l ,  Fhys. R ev ., 96, 777, (1954).
CHAPTER III.
ISOTOPIC SPIN IMPURITIES IN LIGHT NUCLEI.
3.1 Introduction.
Assuming the complete charge independence of nuclear forces 
and neglecting the effect of the Coulomb interaction between nucleons, 
the isotopic spin, T, of a nuclear state is expected to be a good 
quantum number. There is so far no direct evidence against the ass­
umption of charge independence; the results of nucleon-nucleon 
scattering experiments and the well-known correspondence of levels in 
mirror nuclei both support the assumption. A further test of this 
hypothesis can be made by checking the isotopic spin selection rules 
( $ 1.6) by experiment. In this chapter, an experiment is described 
which investigates an apparently flagrant violation of the selection 
rule A T  = t 1, for El transitions in a self-conjugate nucleus.
3.2 Theoretical Considerations.
The Coulomb interaction can be treated as a perturbation 
in an otherwise charge-independent system (other charge-dependent 
electromagnetic interactions are negligible). This, in effect, makes 
T a ,fnearly good1’ quantum number and results in a partial relaxation 
of the isotopic spin selection rules. Each nuclear state is no longer
- 42-
a pure T state, but is a mixture of states with differing isotopic 
spins. Following the treatment given by Radicati’*', this may be 
written, in first order perturbation theory,
.......(3.1)
where T is the isotopic spin of the nuclear state expected on the
basis of complete charge independence and •f(T) is the corresponding
wave function. is the actual wave function and i (T*) are states
with the same spin and parity as i  (T) but with differing isotopic
spins, T*. As a result of the Coulomb interaction, these states are
mixed in with amplitudes Oj,(TT). If E,p and E^ ,t are the expectation
values of the energies of the states ±  (T) and :f(TT) respectively,
then c
ftp (T») = Htt, / Et-Et , ........... (3-2)
where H is the matrix element of the Coulomb interaction between tt?
the states f(T) and i (TT). If a particular transition from a state 
whose isotopic spin is mainly T, is forbidden by the selection rules, 
but is allowed from a state of isotopic spin T f, then the transition
o
will occur with an intensity (Tf) times that expected if there were 
no isotopic spin selection rules. For y-ra.y and a-particle emission, 
the intensity expected without these selection rules can be estimated
1# L.A. Radicati, Proc. Phys. Soc., A66, 139, (1953)*
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2 9from th e  most p robab le  v a lu es  o f |M| and o f © ( t he  reduced a -  
p a r t i c l e  w idth  in  s in g le - p a r t i c l e  u n i ts  fi /mR). These a re  given by 
W ilkinson^' f o r  elem ents w ith  A ^ 20. A lte rn a t iv e ly  (TT) may be 
estim ated  from a knowledge o f th e  b ranch ing  r a t i o  between a fo rb idden  
and an allow ed t r a n s i t i o n .
E x p l ic i t  s h e l l  model c a lc u la t io n s  o f th e  v a lues to  be 
expected f o r  in  th e  ground s ta te s  o f some l i g h t  n u c le i  have
1 3been made by R a d ic a ti and in  more d e t a i l  by MacDonald . Small ad­
m ix tu res to  th e  s t a t e s  o f m ainly T = 0 were found, corresponding  to  
va lues o f ai? (TT) ran g in g  from  1 .3  x 10~'' (H e^), to  1 .0  x 10 ^ (B^°) 
and 6 .7  x 10*v  (0~ ) .  The im p u r it ie s  in  s t a t e s  up to  a few Mev ex­
c i t a t io n  a re  n o t expected  to  be very  d i f f e r e n t  from th e se  e s tim a te s
3,4
fo r  th e  ground s ta te s "  , b u t a t  h ig h e r e x c i ta t io n s  (above 10 Mev,
2
say) th e  v a lues o f a*p (Tf ) w i l l  grow la r g e r  because o f th e  d ecrease  
in  se p a ra tio n  o f s t a t e s  w ith  d i f f e r in g  T v a lu e s .
Even i f  th e re  were no Coulomb in te r a c t io n  and T were an 
a b so lu te ly  good quantum number, E l t r a n s i t io n s  w ith  A T = 0 in  Tz = 0
2 . D.H. W ilk inson, P ro c . Rehovoth Conference on N uclear S tru c tu re ,
(1957).
3 . W.M. MacDonald, Phys. R ev., 100, 51 , (1955);
Phys. R ev ., 101, 2 7 1 ,(1 9 5 6 ).
4 . L.A. R a d ic a ti , P ro c . Phyw. S oc ., Ab7, 39, (1954)*
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nuclei would not be completely forbidden. Gell-Mann and Telegdi' 
have shown that such El transitions would still occur with an intens­
ity appropriate to a magnetic quadrupole transition. That is, they
-7 o
would be reduced by a factor of order 2 x 10 Er where E is theY r
Y-ray energy in Mev (see Equations 1.2). Even for y-ray energies as
-5high as 10 Mev this factor is still only 2 x 10 . Consequently it
is to be expected that the presence of isotopic spim inpurities in 
states will remain the chief cause of failure of selection rules.
2
Wilkinson has demonstrated that the isotopic spin 
selection rules for El transitions are certainly effective. He has 
shown that for thirteen established forbidden transitions, the 
values of Im I^  form a group which is unmistakably lower (a factor of 
100 or so) than that for the bulk of the allowed El transitions.
3.3 The 6.89 Mev Level in •
One of the largest isotopic spin impurities reported in 
a light nucleus is found^ in the 6.89 Mev level in B . This broad
5. M. Gell-Mann and V.L. Telegdi, Phys. Rev., 91, 169, (1953)*
6. D.H. Wilkinson and A.B. Clegg, Phil. Mag., 1, 291, (1956).
2 “  T» I
r t = o6.89
B « + p 6 5 8 5
6 0 2 5
2 T -  I
2~ T= O
4 4 5 3
0.72
Figure 3«1» Relevant Energy levels of B
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level, of width 140 kev, is observed as the 330 kev resonance in the
reactions Be + p and can decay by the emission of deuterons, a-
particles, protons or y-radiation. It is thought to be a l” state^
formed by the capture of s-wave protons. The isotopic spin of the
level has been taken to be mainly T = 0 because of the intense El
yway transition to the T = 1 state at 1.74 Mev (see Figure 3.1) and
also because of the alternative modes of decay by deuteron or a-
8 6particle emission to the ground states of Be and Li respectively.
The reduced deuteron width, in particular, is quite large^
2
(0 ^ = 0.18). If the T = 0 assignment is correct, however, it is 
difficult to interpret the strong transitions to the 1+ , T = 0 states 
at 0.72 and 2.15 Mev which are highly forbidden by the isotopic spin 
selection rules for electric dipole transitions in self-conjugate 
nuclei. These transitions imply a T = 1 impurity in the 6.89 Mev 
level of approximately 20$ intensity, which is distinctly the largestg
impurity yet found in a light nucleus .
An alternative explanation which would avoid the necessity
7» F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys., 27 f 77> (1955)*
& Rev. Mod. Phys., to be published.
8. On the basis of forbidden o-particle transitions, it has recently 
been suggested^ that the 17*22 and 13*06 Mev states in 
and 0 ^  respectively, may contain similarly large impurities.
At excitations this high, however, such impurities are not 
unexpected.
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fo r  such a la rg e  is o to p ic  sp in  im purity  i s  th a t ,  in s te a d  o f the  
t r a n s i t io n s  occu rrin g  from a s in g le  s ta t e  o f B~A' a t  6.Ö9 Mev, they  
occur from two c lo se ly  a d jac e n t l e v e l s ,  one of which has m ainly T = 0 , 
and th e  o th e r  m ainly T = 1* I t  was to  t e s t  t h i s  p o ss ib le  ex p lan a tio n  
th a t  th e  fo llow ing  experim ents on th e  Be^(p,Y)B10 re a c tio n  were 
perform ed.
3*4 Experim ental Method.
I t  should be p o s s ib le  to  d is t in g u is h  two such le v e l s  by 
m easuring th e  e x c i ta t io n  fu n c tio n s  f o r  th e  in d iv id u a l h igh-energy  
Y -rays as a fu n c tio n  o f p ro ton  energy. T ra n s it io n s  from th e  T = 1 
s ta t e  would be re so n an t a t  a p ro ton  energy d i f f e r in g  from th e  reson­
ance energy fo r  t r a n s i t io n s  from T = 0 s t a t e .  A lso, s in ce  th e  em ission 
of deu tero n s  o r a - p a r t i c l e s  from  th e  T = 1 s ta t e  would be d iscouraged  
by is o to p ic  sp in  s e le c t io n  r u le s ,  i t  m ight be expected th a t  th e  t o t a l  
w id ths would n o t be th e  same fo r  th e  two le v e l s .
To determ ine th e se  e x c i ta t io n  fu n c tio n s , a c c u ra te  sp e c tra  
o f th e  h igh-energy  y - r a d ia t io n  from B^C were recorded  a t  10 kev in ­
te r v a l s  fo r  pro ton  e n e rg ie s  between 220 and 440 kev . Each spectrum  
was th en  analysed  to  f in d  th e  c o n tr ib u tio n s  from i t s  c o n s t i tu e n t  
Y -rays and y ie ld  curves fo r  th e se  Y"ray s were then  p lo t te d .
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The thin beryllium targets were prepared by evaporation 
in vacuo of beryllium metal onto thin copper backings. A sensitive 
balance was used to weigh the target backings before and after evap­
oration and then the target thickness was determined from the data 
oof Warshaw . After some trials, targets could be made 10 kev thick
at 300 kev proton energy and these were used in the experiments.
Some difficulty was experienced in obtaining beryllium which was free
of fluorine since the metal is frequently prepared from the fluoride.
Beryllium from several different sources was tried and that which
was finally used in the experiments had a fluorine contamination
which was low enough to permit analysis of spectra at proton energies
of 340 and 350 kev, in spite of the large number of 6.1 Mev y-rays 
19, \ 16from the strong F (p ,ol,y )0 resonance at 340 kev.
The protons were accelerated in a 1.2 Mev Cockcroft-Walton 
H.T. set, and after deflection by a 90° analysing magnet, passed 
through a 3/8 in. diameter collimating hole to the target. A 
cylindrical electrode in front of the target was held at a negative 
potential to prevent the escape of secondary electrons from the 
beryllium, and the number of protons incident on the beryllium was 
monitored with a beam-current integrator. To reduce deposition 
of carbon, the target was held at a temperature of 90 C by passing
9. S.D. Warshaw, Phys. Rev., J6, 1759> (1949)
hot water over the target backing, and a liquid air trap was inserted 
in the target tube to remove oil vapour.
3*5 Detection of Gamma Rays.
9 10The total cross-section for the Be (p,y)B reaction is 
small (approximately 2Qjib at the 330 kev resonance) and the y-ray 
spectrum is complex. The 4 in* long by 5 in. diameter Nal(Tl) 
crystal spectrometer described in the previous chapter is therefore 
well suited as the y-ray detector by virtue of its high sensitivity 
and resolution.
The combination of crystal and phototube was placed with 
its axis vertical and with the curved face of the crystal 6 in. from 
the beryllium target in line with the incoming protons. Gamma rad­
iation from the target was collimated by a 1 in. diameter hole in a 
lead wall 3 in. thick, and by a similar hole in the large steel block 
in which the crystal was seated and which served to shield the crystal 
from scattered and background radiation. Pulses from the phototube 
passed through a non-overload amplifier into a 70-channel Sunvic 
pulse-height analyser.
Irradiation of up to six hours at beam currents of 200p,A 
were required at each of these proton energies in order to obtain 
spectra sufficiently accurate for analysis. Figure 3*2(a) shows a
Figure 3.2 (a)« Spectrum of high-energy Y“rays from the reaction 
Be^(p,Y)B^ at a proton energy of 300 kev.
(b)> Spectrum of y-rays from the 340 kev resonance 
in the reaction F^(p,a,Y)0^*
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ty p ic a l  p u ls e -h e ig h t spectrum  a t  a bombarding p ro to n  energy o f 300 k ev . 
Only y -ray s  w ith  e n e rg ie s  above 4 Mev were re c o rd ed . The fu l l -e n e rg y  
peaks and peaks co rrespond ing  to  th e  escape from  th e  c r y s ta l  o f one 
511 kev p o s itro n  a n n ih i la t io n  quantum a re  marked.
For com parison, th e  p u lse -h e ig h t d i s t r ib u t io n  produced 
w ith  th e  same experim en tal geometry by th e  6 .14 Mev y -ray s  a r i s in g
i9 .  16
from th e  340 kev resonance in  th e  F (p ,a ,y )0  re a c t io n  i s  shown in  
F igure 3 .2 (b ) .  The low er in te n s i ty  7.12 Mev r a d ia t io n  i s  a lso  r e ­
so lved . The s iz e  o f th e  escape peak A could be f u r th e r  reduced and 
th e  re s o lu tio n  improved by c o llim a tio n  o f th e  y -ra y s  in to  a narrow er 
beam (see  £ 2 .4 ( d ) ) .  However, in  t h i s  experim ent a 1 in .  d iam eter 
c o llim a to r  gave a s a t i s f a c to r y  compromise between re s o lu t io n  and 
counting r a t e .  The sh o u ld er, marked B in  F igure 3 * 2 (b ), on th e  6 .14  
Mev spectrum  i s  due to  th e  peak corresponding  to  escape of both 
a n n ih ila t io n  quanta  and i s  g re a t ly  reduced r e la t iv e  to  th e  s in g le ­
escape peak A because o f th e  la rg e  dim ensions o f th e  c r y s ta l .
3 .6  A n a ly s is .
For th e  a n a ly s is  of sp e c tra  i t  was n ecessa ry  to  know th e  
in d iv id u a l p u lse -h e ig h t d is t r ib u t io n s  produced by y -ray s  of 4*7> 5 «2 , 
6 .2  and 6 .9  Mev energy . These were d e rived  by in te r p o la t io n  between 
th e  d is t r ib u t io n s  produced by a number of c a l ib r a t io n  y -ray s  o f 
known energy. By s u b s t i tu t in g  a C  ;  t a r g e t  fo r  th e  b e ry lliu m  one, 
th e  p u lse -h e ig h t d i s t r ib u t io n  produced by 8 .1  Mev y -ra y s  a r is in g  from
CNCAGV
Figure 3 »3» Yield curves of high-energy y-rays. The probable
errors are shown at a proton energy of 370 kev
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13 1/'th e  550 kev resonance in  th e  C (p,y)M 4 re a c t io n  was m easured.
19 16S im ila r ly , th e  340 kev resonance in  th e  F ' / ( p , ci, y )0'l re a c tio n  gave 
th e  d i s t r ib u t io n  fo r  6 .1  Mev r a d ia t io n .  P u lse -h e ig h t d is t r ib u t io n s  
were a lso  measured u sing  th e  re a c tio n  B (p,y)C  a t  th e  160 kev 
resonance; t h i s  gave two c a l ib r a t io n  y-^ays o f 4*4 and 11 .7  Mev 
energy. During th e  measurement o f each c a l ib r a t io n  d i s t r ib u t io n ,  th e  
geometry o f th e  experim ent was kep t e x ac tly  th e  same as th a t  fo r  th e  
b e ry lliu m  ru n s , in  o rd e r to  avoid any e r ro rs  due to  changes in  r e ­
s o lu t io n .
9 10The a n a ly s is  o f each Be (p ,y)B  spectrum  was perform ed 
by su cc e ss iv e ly  s u b tra c t in g  th e  d is t r ib u t io n s  due to  th e  6.9* 6 .2 , 
5*2 and 4»7 Mev y r a y s .  The r e s u l t in g  y ie ld  curves fo r  th e  in d iv ­
id u a l y r a y s  a re  shown in  F igure  3 «3» where th e  e r r o r s  a re  c a lc u l­
a ted  on th e  assum ption th a t  th e  d i s t r ib u t io n s  due to  in d iv id u a l y 
rays a re  known e x a c tly . The high v a lu es  on th e  6 .2  Mev curve a t
pro ton  en e rg ie s  o f 340 and 350 kev (shown on th e  dashed l in e s  in
19 16
Figure 3*3) a re  due to  th e  340 kev reoonance in  th e  F / (p ,a ,Y )0
re a c t io n .  The r e s u l t  o f a  run on a b lank  copper t a r g e t  showed th a t
th e  con tam inating  f lu o r in e  was lo c a te d  in  th e  b e ry lliu m . Since th e
7
f lu o r in e  resonance i s  narrow ( P  = 2 .9  kev) and th e  f lu o r in e  (being
d is t r ib u te d  evenly  th roughout th e  b e ry lliu m ) formed a ta r g e t  10 kev
200  250 300 350 400 450
P R O T O N  ENERGY ----- KEV
Figure 3 . 4 « Excitation function of the to ta l radiation resonant 
at 330 kev, after allowing for barrier penetrability and proton 
wavelength. The broken lin e  represents a single lev e l dispersion 
formula with a resonance energy of 310 kev and a width of 135 kev.
thick, the y-ray spectra were only affected at two proton energies.
The yield curve for 6.2 Mev y-rays was corrected for this effect by 
drawing a smooth curve through the points on either side of the 
fluorine resonance.
It will be seen from Figure 3*3 that, excluding the 6.9 
Mev radiation, all the y-rays are resonant at the same energy to 
within ten kilovolts, and the yield curves have approximately the 
same width. This indicates that the explanation of two close states 
is untenable, and that the transitions to the T ** 1 and to the T = 0 
states do, in fact, come from the same state of B^ .
From the yield curves shown in Figure 3 »3» it is possible 
to derive the excitation function of the total resonant radiation. 
After using Coulomb wave functions according to Christy and Latter^ 
to allow for the effect of barrier penetrability for s-wave protons, 
the curve shown in Figure 3 »4 was obtained. This could be fitted 
with a Breit-Wigner one-level dispersion formula with resonance energy 
310 kev and a width of 135 kev.
The ground state transition, which was well resolved in all 
of the spectra, is clearly non-resonant over the range of proton en-
- 51-
10. R.F. Christy and R. Latter, Rev. Mod. Phys., 20, 185, (1948)
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e rg ie s  examined. The s te a d i ly  in c re a s in g  y ie ld  suggests t h a t  th e  
6.9 Mev y -ray s  a r is e  from th e  t a i l  o f th e  993 kev resonance which i s  
known^"" to  em it El r a d ia t io n  predom inantly  to  th e  ground s t a t e  of B^C. 
However, th e  y ie ld  of 6 .9  Mev y -ray s  a t  330 kev was c a lc u la te d  to  be 
f iv e  tim es th a t  expected from th e  t a i l  o f th e  h ig h e r resonance. This 
d iscrepancy  prompted a sep a ra te  study o f th e  ground s ta t e  t r a n s i t io n  
over th e  range o f p ro ton  en erg ies  between 300 and 1060 kev and th e  
r e s u l t s  of t h i s  a re  given in  Appendix A.
3 .7 O ther M easurements.
( a )  . Angular Dependence o f Gamma Rays.
At p ro ton  e n erg ies  of 260, 330 and 400 kev, th e  h ig h - 
energy y -ray  sp e c tra  a t  0° and 90° to  th e  incoming p ro ton  beam were 
c lo se ly  compared. I t  was no t p o s s ib le  to  d is t in g u is h  between th e  
shapes o f th e  s p e c tra , and th e  t o t a l  y ie ld s  o f h igh-energy  y -ray s  a t  
0° and 90° d id  no t d i f f e r  by more than  2%.
( b )  . Low Energy Gamma Rays.
S pec tra  of th e  low-energy' y -ra y s  accompanying t h i s  
re a c t io n  were ob ta ined  a t  sev e ra l bombarding e n e rg ie s , and each spec­
trum was checked to  ensure  th a t  th e  low -energy y -ray s  f i t t e d  in to
11. W.F. Homyak and T. Coor, Phys. R ev., 92, 675» (1953)
KICKSORTER CHANNELS
F igure  3 . 5 » Spectrum o f low -energy  "p-rays from th e  
B e^(p ,Y )B ^ a t  a p ro ton  energy o f 310 k ev . The Y“ ray  
co rrespond ing  to  th e  v a rio u s  peaks a re  in d ic a te d .
re a c tio n
e n e rg ie s
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the expected decay scheme of B in conjunction with the high-energy 
radiation (see Figure 3*1)* This fit was found to be in agreement 
with the high-energy data to within 20%, except for the presence of 
a 1.7 Mev y-ray, which is discussed in the next section. Figure 3 »5 
shows a typical spectrum of low-energy y-rays recorded at a proton 
energy of 310 kev with a 2 in. long by 1.5 in. diameter Nal(Tl) 
crystal. The photo-peak from the 0.41 Mev y-ray is obscured in the 
distribution by the Compton edge due to the 0.72 Mev y-ray.
(c). The 5.11 and 5»16 Mev Levels.
12It has been suggested by Clegg that a 1.7 Mev y-ray , 10transition occurs from the 6.89 Mev level in B with an intensity 
20%o of that for the transition to the 1.74 Mev level. A 1.7 Mev y- 
ray was also observed in the present work (Figure 3*5) and a coincid­
ence experiment was performed at a bombarding proton energy of 310 
kev to investigate possible cascades involving it and other y- 
radiation.
A Nal(Tl) crystal 2 in. long by 1.5 in. diameter was 
used to examine the low-energy y-rays and the spectrum from this 
crystal was observed in coincidence with pulses from the big crystal
12. A.B. Clegg, Phil. Mag., 1, 1116, (1956).
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which were larger than the pulse height corresponding to 3*5 Mev.
The small crystal was placed at 90° to the proton beam while the big 
crystal remained at 0° . In order to obtain a workable coincidence 
counting rate, the big crystal was used without any collimation and 
with its curved face only 2 in. from the target. It was also necess­
ary to keep the small crystal 6 in. from the target to avoid a 
spurious 1.7 Mev summation peak from the cascade y-rays of 1.02 and 
0.72 Mev occurring in coincidence with the intense transition to the 
1.74 Mev state. From a comparison of the gated and ungated spectra 
it was estimated that less than 5$ of the 1.7 Mev y-rays are in 
coincidence with any y-radiation of energy greater than 3 »5 Mev.
It is unlikely that the 1.7 Mev y-ray is a transition
10from the 1.74 Mev level to the ground state of B as this would imply
a magnetic octupole transition and furthermore one would expect it to
12be observed in coincidence with 5»2 Mev y-rays. Clegg has measured
the energy of the y-ray carefully and his results indicate that it
10arises from a transition from the 6.89 Mev level in B to the 2 ,
T = 0 level at 5 »11 Mev (P = 2  kev), and not to the neighbouring 2+ ,
T = 1 level at 5*16 Mev ( T < 1 kev). Since the 5*11 Mev level has
T = 0, it should decay mainly by alpha-particle emission to the ground
£
state of Li ; the only y-ray transitions would be a weak M2 trans-
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i t i o n  to  th e  1*74 Mev le v e l  and comparably weak is o to p ic - s p in  fo r ­
bidden E l t r a n s i t io n s  to  th e  o th e r  low ly in g  l e v e l s .  As a r e s u l t  o f 
th e  b ia s  le v e l  in  th e  b ig  c r y s ta l ,  th e  1 .7  Mev y -ray s  could only be 
observed in  co incidence  w ith  t r a n s i t io n s  from th e  5*11 Mev le v e l  to  
th e  0 .7 2  Mev le v e l  o r to  th e  ground s t a t e .  The absence o f such 
co incidences su p p o rts  th e  suggestion  th a t  th e  5*11 Mev le v e l  ( i f  i t  
i s  th e  le v e l  invo lved ) decays p r in c ip a l ly  by a - p a r t i c l e  em ission .
I f  th e  t r a n s i t io n s  proceed through th e  5«H  Mev le v e l ,
as in d ic a te d  by C legg, then  t h i s  im p lie s  th a t  th e  1*7 Mev y -ray  i s
2
an abnorm ally s tro n g  Ml t r a n s i t io n  (IMl -  6 .2 ) .  Recent measurements 
13by Meyerhof suggest th a t  i t  i s  in  f a c t  m ainly th e  5*16 Mev and no t
th e  5.11 Mev le v e l  which i s  in v o lv ed , im plying a s tro n g  E l t r a n s i t io n
(|M |^  = 0 .3 9 ) fo r  th e  1 .7  Mev y - ra y . The 5*16 Mev le v e l  has T = 1
and th e  p a r t i a l  w id ths fo r  y -ray  and a - p a r t i c l e  em ission a re  thought 
14to  be comparable . I t  can decay by allow ed E2 o r Ml t r a n s i t io n s  to  a l l  
o f th e  low ly in g  l e v e l s .  Assuming t h a t ,  o f th e se  t r a n s i t i o n s ,  50$ 
go th e  0 .72  Mev le v e l  and th e  ground s t a t e ,  then  th e  p re se n t r e s u l t s  
in d ic a te  t h a t ,  th e  5*16 Mev le v e l  ( i f  i t  i s  in v o lv e d ), has a y -ray
13. W.E. M eyerhof; p r iv a te  communication (1959)*
14 . G.A. Jones amd D.H. W ilkinson, P h i l .  Mag., 45, 703» (1954)»
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Figure 3.6. Ratios of yields of high-energy y^rays to that of the 
5*15 Mev Y-ray, as a function of proton energy.
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width which is less than 10/o of the total width.
3.8 Discussion of Results.
The position and width of the 330 kev resonance determined 
from this experiment are in agreement with those found previously"'7 
and the isotropy of the high-energy y-radiation, together with the 
fact that the y-ray branching ratios are independent of angle (| 3 -7(a)), 
support the suggestion that this is an s-wave resonance.
It is interesting to note that the y-rays resonant at 
330 kev do not bear quite the same ratios to one another over the 
resonance (see Figure 3*6). This effect could be caused by direct 
transitions mixing with the resonant radiation. Evidence for the 
presence of direct transitions to the ground state of B10 is given 
in Appendix A and this suggests the possibility that there may be 
direct transitions to some of the excited states as well.
If we assume that a single-level Breit-Wigner formula is 
9 . .10applicable to the Be (p,y)B reaction at the 330 kev resonance, then 
the peak cross-section for the emission of 5»2 Mev y-rays bo the 
l.?4 Mev level is given by the equation:
4 (S-2)_ 2
(2s * 0 (2j
7r (s i) rprV 4 (3.3)
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where (5»2) is the partial width for emission of 5 »2 Mev y-rays,
Fja is the partial proton width (given by Meyerhof and Chase"" as 
40 kev),r is the total width of the 6*89 Mev level (equal to 130
n — 1^
k e v a n d  A is the proton wavelength (equal to 8.6 x 10 ' cm.).
Each of these values is quoted in the centre-of-mass system. The 
angular momentum of the 6.89 Mev level in 3^("’ is J = 1, that of the 
ground state of Be is j = 3/2 and the proton spin is J. This gives 
a statistical factor of 3/8 in Eq.(3»3)*
l6 17Using the value determined by Carlson and Nelson * of
(5.2) = 12 1 4 x lo“3° cm?, Eq.(3.3) gives a value of C  (5.2)= max. 0
1.4 1 0.5 eV. The partial widths, f j (6.2) and (4*7)* tor the 
emission of y-rays to the states at 0.72 and 2.15 Mev respectively 
can be derived from the intensities of these y-rays relative to the
r\
5.2 Mev y-ray. The values of |m | obtained for the two transitions 
forbidden by the isotopic spin selection rules, together with the 
value of |m | for the allowed transition, can be used to estimate the
15» W.E. Meyerhof and L.F. Chase, Phys. Rev., 11, 1348, (1958).
16. R.R. Carlson and E.B. Nelson, Phys. Rev., 98, 1310, (1955).
17* This figure agreed well with that determined later (Appendix A) 
by a calibration using the known cross-section at the 993 kev 
resonance^!.
isotopic spin admixture in the 6.89 Mev level, from the relation:
% (i) m
_______ _ = forbidden. .......... (3*4)
1— ■ a? (l) M  allowed
This data is summarised in Table 3*1*
TABLE 3.1«
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To State 
in B-^at
(Mev)
EY
(Mev)
Relative 
Intensity 
at 330kev
Partial
Widths
rys)
eV.
Weisskopf
Unit
r w(Ei)
eV.
iMf %(!) ~ -
r-T
d°
0.72 6.2 55 .76 + 0.3 120 .0063 2U% 0.49
1.74 5-2 100 1.4 ± 0.5 69 .020
2.15 4.7 22 .30 + 0.1 54 .0056 22% 0.47
The mean of the two estimates of a0(l) gives a value of 
23% for the intensity of the T = 1 admixture in the 6.89 Mev level.
This figure is in agreement with the 20% estimated by Wilkinson and
6Clegg . An "impurity" of this size implies either an abnormally large
Qmatrix element Hq-, or, alternatively, the presence of a contaminating 
1 , T = 1 state very close to the 6.89 Mev level (see Eq.(3»2)).
2
The large proton reduced width of the 6.89 Mev state {Q *= 
0.3 for s-wave protons)indicates that this state belongs predomin-
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antly to the configuration (ls^lp^s with the Be^ ground state as 
18
unique parent# It is expected that there will be a group of four 
states in B ^  with this configuration, corresponding to the coupling of 
an s-wave nucleon to the ls^lp partial configuration*^ These four 
states will be (1", T <= 0),(l~, T = 1),(2~, T « 0) and (2~, T ■ 1).
In Be10, a 1 , T * 1 level at 5*96 Mev and a 2*, T = 1 level at 6#26
Mev are known, together with a state of unknown spin and parity at 6.18
7 15 10Mev. It seems likely that the 7*48 Mev level in B is the T„ « 0z
analogue of the 6.26 Mev level in B e ^  and consequently it is to be ex­
pected that a 1 , T = 1 level (the T = 0 analogue of the 5.96 Mev 
10, 2level in Be ) will also be found in the region of 7 Mev excitation in
10
B .
6
Wilkinson and Clegg have suggested that large Coulomb 
matrix elements may occur between states of the configuration (ls\p^) 
2s. Shell model calculations using an oscillator potential well give
small values for these matrix elements, but much larger values (0.4
» , 20 Mev; can be obtained if a well of finite depth is used. Even if we
cconsider a value of Hq -^ for the 6.89 Mev level as large as 0.5 Mev, 
it follows from Eq. (3*2) (assuming that the perturbation treatment 
is still applicable) that in order to explain the value
18. A.M. Lane, A.E.R.E. Report T/R 1289, (1954)*
19. D.R. Ihglis, Rev. Mod. Phys., 2£, 390, (1953).
20. F.C. Barker, Phil. Mag., 2, 286, (1957); and private communication
(1958).
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of a  (1 ) ,  th e  con tam inating  l ” , T = 1 s ta t e  must l i e  between 5 .9 
10 c
and 7*9 Mev in  B . For sm alle r va lues o f Hqtj th e se  l im i t s  w il l  
a lso  be co rrespond ing ly  sm a lle r . So f a r ,  however, t h i s  1“ , T = 1 
s ta t e  has not been lo c a te d .
The reg io n  o f e x c ita t io n  in  B10 between 6.89 and 8 Mev
7
has been c a re fu l ly  examined w ithout re v e a lin g  th e  p resence  o f any 
o th e r  1 l e v e l .  In d ic a tio n s  o f p o s s ib le  s ta t e s  of unknown sp in  and
p a r i ty  a t  7«01 and 7»20 Mev have been observed in  th e  re a c tio n s
9 8 9 6 7Be (p ,d )B e and Be (p ,a )L i  . These s t a t e s  a re  u n c e r ta in  , however,
and th e  absence of y -ray s  to  lower ly in g  s ta t e s  makes i t  im probable
th a t  e i th e r  o f th e se  i s  1 , T = 1 . The r e s u l t s  of th e  p re sen t
Be (p >y )B experim ent ru le  out th e  p o s s ib i l i ty  of a l ” , T = 1 s ta te
w ith in  + 100 kev o f th e  6.89 Mev l e v e l .  I t  th e re fo re  seems l ik e ly
th a t  th e  le v e l  we seek l i e s  below 6 .89  Mev. I t  has n o t been observed
in  th e  B e^(p ,Y )B ^ re a c t io n ,  but i t  could be one of fo u r le v e ls  of
unknown sp in  and p a r i ty  between 6 .1  and 6 .8  Mev which have been
9 10 7e s ta b lis h e d  from th e  Be (d,n)B  re a c tio n  . I t  i s  to  be expected 
th a t  th e  1 , T = 1 s t a t e  has an is o to p ic  sp in  adm ixture ( in  t h i s  case 
of T = 0 ) which i s  s im ila r  in  magnitude to  th a t  found in  th e  6.89 
Mev l e v e l .  C onsequently , i f  i t  were one o f th e  le v e ls  between 6 .1  
and 6 .8  Mev i t  i s  s u rp r is in g  th a t  i t  has no t been observed in  th e  
r e a c t io n  L i0( a ,y ) B ^  which has been used to  study le v e l s  in  up
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to 6.74 Mev excitation.
The possibility of the contaminating state lying out­
side the range 6 to 8 Mev excitation cannot be excluded. However, 
the 1 , T « 1 level at 5*96 Mev in B e ^  must have an analogue some­
where in the level structure of and one would expect it to be 
in the neighbourhood of 7 Mev excitation. The exact position of 
this level poses a problem which, so far, remains unsolved.
21. L. Meyer-Schutzmeister and S.S. Hanna, Phys. Rev., 108, 1506,
—  (1957)
CHAPTER IV .
USE OF A 7 »7 MEV CYCLOTRON TO STUDY RADIATIVE CAPTURE REACTIONS.
4*1 I n t r o d u c t i o n .
In  C h a p te rs  IV and V, e x p e r im e n ts  a r e  d e s c r ib e d  in  w hich 
th e  y i e l d s  o f  h ig h  en e rg y  y‘- r a y s  from  c a p tu r e  r e a c t i o n s  a r e  m easu red  
a s  f u n c t io n s  o f  p r o to n  e n e r g ie s  in  th e  ra n g e  o f  4 t o  7*7 Mev u s in g  
a s  p ro to n  s o u rc e ,  t h e  7 »7 Mev 3 0 - i n .  c y c lo t ro n  r e c e n t l y  co m p le ted  
in  C a n b e r ra . T h is  c y c lo t r o n  i s  a  h ig h  b e a m -c u r re n t m achine d e s ig n e d  
f o r  u se  a s  i n j e c t o r  f o r  t h e  10 Bev p ro to n  s y n c h ro to n  u n d e r  c o n s t r u c t ­
io n  in  t h e  l a b o r a t o r y .  F o r t h e  p r e s e n t  p u rp o s e s ,  i t  was m o d if ie d  to  
p ro v id e  s m a ll  e x t r a c t e d  beams o f  h ig h  e n e rg y  h o m o g en e ity  and s t a b i l i t y .  
The p r o to n  e n e rg y  was re d u c e d  in  sm a ll s te p s  by i n s e r t i n g  a lum in ium  
f o i l s  i n t o  t h e  beam and c a p tu r e  y - r a d i a t i o n  from  th e  t a r g e t  was d e ­
t e c t e d  by m eans o f  th e  l a r g e  sodium  io d id e  c r y s t a l  s p e c tro m e te r  
d e s c r ib e d  in  C h a p te r  II.
T h e re  a r e  many e x p e r im e n ta l  d i f f i c u l t i e s  a s s o c i a te d  w ith  t h e  
u s e  o f  a  f ix e d - e n e r g y  c y c lo t r o n  f o r  t h i s  ty p e  o f  e x p e rim e n t b u t 
u n t i l  r e c e n t l y ,  v a r i a b le - e n e r g y  s o u rc e s  o f  p ro to n s  i n  t h i s  en e rg y  
ra n g e  w ere  n o t  a v a i l a b l e .  The m ain p ro b lem  in  p e rfo rm in g  t h e  ex­
p e r im e n ts  l a y  in  t h e  h ig h  l e v e l  o f  backg ro u n d  r a d i a t i o n  a s s o c i a te d
. .
Na I (TO 
CRYSTAL
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Figure 4*1 General experimental arrangement
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w ith  th e  c y c lo tro n , which i s  n o to r io u s ly  a " d i r ty "  m achine. S evera l 
p re lim in ary  experim ents were done to  determ ine th e  b e s t way of over­
coming t h i s ,  and in  th e  s e c tio n s  which fo llow  a d e s c r ip t io n  i s  given 
of th e  experim en tal arrangem ent which was f in a l ly  adopted , to g e th e r  
w ith  an a n a ly s is  o f th e  background problem and d e t a i l s  o f measure­
ments which were made to  determ ine th e  s p e c if ic a t io n s  of th e  p ro ton  
beam in c id e n t on th e  t a r g e t .
4 .2  E xperim ental Method.
The g e n e ra l experim en tal arrangem ent i s  shown in  F igure  4*1 • 
A fte r le av in g  th e  ion  so u rce , th e  p ro tons in  t h e i r  f i r s t ,  second 
and th i r d  o r b i t s  were re q u ire d  to  pass th rough c o r re c t ly  lo c a te d  
beam -defin ing s l i t s  o f w idth  1, g and 5 mm. re s p e c t iv e ly .  This 
ensured th a t  only  th o se  p ro to n s  leav in g  th e  io n  source du rin g  a 
few e l e c t r i c a l  deg rees about a  p a r t i c u la r  dee v o ltag e  phase ang le  
were accep ted  fo r  a c c e le r a t io n .  (T his method i s  d esc rib ed  in  d e t a i l  
by Morton and S m ith^). R ad ia l movement o f th e  second s l i t  served  
to  r e s t r i c t  th e  c i r c u la t in g  beam c u rre n t to  about lOjiA, excess ions 
being  stopped b e fo re  acq u ir in g  s u f f ic ie n t  energy to  produce back­
ground r a d ia t io n .  An in te r n a l  probe a t  103° from th e  o s c i l l a t o r
1 . A.H. Morton and W .I.B . Sm ith, N uclear I n s t r . ,  (1959). In P re s s .
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sampled th e  beam a t  th e  f i n a l  o r b i t  and th e  c u rre n t to  t h i s  was 
ad ju s ted  to  5 jfA. The c u rre n t to  th e  probe was very s e n s i t iv e  to  
m agnetic f i e ld  f lu c tu a t io n s  and, by s t a b i l i s in g  i t  a t  5 |JtA, machine 
c o n d itio n s  could be h e ld  co n stan t over long  p e rio d s  o f tim e . The 
rem aining beam c u rre n t of 5 |fA was com pletely  e x tra c te d  and, a f t e r  
undergoing a momentum a n a ly s is  in  th e  f r in g in g  m agnetic f i e l d ,  th e  
e x tra c te d  beam was l im ite d  to  1 pA by a system  of narrow s l i t s  2mm. 
high and 2.5mm. wide j u s t  o u ts id e  th e  machine. These s l i t s  were 
backed w ith  tan ta lu m  in  o rd e r to  reduce th e  n eu tron  em ission from 
them. The f in a l  1 \ik  was then  focussed  onto  th e  ta r g e t  by a quad- 
ru po le  m agnetic le n s  system  composed of fo u r s e c t io n s .
Proton energy v a r ia t io n  was achieved by in s e r t in g  1 .6 4
-2
mg.cm. aluminium f o i l s  a t  th e  p o s it io n  in d ic a te d  on F igure 4-1* 
These f o i l s  were mounted on two movable ra c k s , each o f which could 
be p laced  in  any one o f 7 d i f f e r e n t  p o s i t io n s .  Any number o f f o i l s  
between 0 and 6 could be in s e r te d  by s u i ta b le  p o s itio n in g  o f  th e  
f i r s t  ra c k , and between 0 and 42 f o i l s ,  in  s tep s  o f 7 f o i l s ,  by 
p o s i t io n in g  of th e  second ra c k . Combining th e  p o s i t io n s  of th e  two 
racks i t  was p o s s ib le  to  in c re a se  in  s tep s  of 1 f o i l  from 0 to  48 
f o i l s .  By t h i s  means th e  p ro ton  energy could be reduced from  7*7 
to  3 .5  Mev in  48 s te p s ;  th e  s tep s  were n o t equal in  energy, b u t
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w ith  th e  c y c lo tro n , which i s  n o to r io u s ly  a " d i r ty "  machine. S evera l 
p re lim in a ry  experim ents were done to  determ ine th e  b e s t  way o f over­
coming t h i s ,  and in  th e  s e c tio n s  which fo llow  a d e s c r ip t io n  i s  given 
o f th e  experim en tal arrangem ent which was f i n a l ly  adopted , to g e th e r  
w ith  an a n a ly s is  of th e  background problem and d e t a i l s  o f measure­
ments which were made to  determ ine th e  s p e c if ic a t io n s  of th e  p ro ton  
beam in c id e n t on th e  t a r g e t .
4*2 E xperim ental Method.
The g en e ra l experim en tal arrangem ent i s  shown in  F igure  4»1* 
A fte r le a v in g  th e  ion  so u rce , th e  p ro tons in  t h e i r  f i r s t ,  second 
and th i r d  o r b i t s  were re q u ire d  to  pass th rough  c o r re c t ly  lo c a te d  
beam -defin ing  s l i t s  o f w id th  1, g and g mm. re s p e c tiv e ly . This 
ensured th a t  only th o se  p ro to n s  le av in g  th e  ion  source during  a 
few e l e c t r i c a l  degrees about a  p a r t i c u la r  dee v o ltag e  phase ang le  
were accep ted  fo r  a c c e le r a t io n .  (T his method i s  d esc rib ed  in  d e t a i l  
by Morton and Smith'*’)• R ad ia l movement o f th e  second s l i t  served  
to  r e s t r i c t  th e  c i r c u la t in g  beam c u rre n t to  about lQiA, excess ions 
being  stopped b e fo re  a c q u ir in g  s u f f ic ie n t  energy to  produce back­
ground r a d ia t io n .  An in te r n a l  probe a t  180° from th e  o s c i l l a t o r
1 . A.H. Morton and W .I.B . Sm ith, N uclear I n s t r . ,  (1959)» In P ress
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sampled th e  beam a t  th e  f i n a l  o r b i t  and th e  c u rre n t to  t h i s  was 
a d ju s ted  to  5 |iA. The c u rre n t to  th e  probe was very s e n s i t iv e  to  
m agnetic f i e l d  f lu c tu a t io n s  and, by s t a b i l i s in g  i t  a t  5 p-A, machine 
c o n d itio n s  could be he ld  co n stan t over long  p e rio d s  o f tim e . The 
rem aining beam c u rre n t of 5 uA was com pletely  e x tra c te d  and, a f t e r  
undergoing a momentum a n a ly s is  in  th e  f r in g in g  magnetic f i e l d ,  th e  
e x tra c te d  beam was l im ite d  to  1 p,A by a system  of narrow s l i t s  2mm. 
high and 2.5wm. wide ju s t  o u ts id e  th e  m achine. These s l i t s  were 
backed w ith  tan ta lu m  in  o rd e r to  reduce th e  neu tron  em ission from 
them. The f in a l  1 p,A was then  focussed  onto  th e  ta r g e t  by a quad- 
ru po le  m agnetic le n s  system  composed of fo u r s e c t io n s .
Proton energy v a r ia t io n  was achieved  by in s e r t in g  1 .6 4
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mg.cm. aluminium f o i l s  a t  th e  p o s it io n  in d ic a te d  on F igure 4«1» 
These f o i l s  were mounted on two movable ra c k s , each o f which could 
be p laced  in  any one o f 7 d i f f e r e n t  p o s i t io n s .  Any number o f f o i l s  
between 0 end 6 could be in s e r te d  by s u i ta b le  p o s itio n in g  o f  th e  
f i r s t  ra c k , and between 0 and 42 f o i l s ,  in  s te p s  o f 7 f o i l s ,  by 
p o s it io n in g  of th e  second ra c k . Combining th e  p o s it io n s  of th e  two 
racks i t  was p o s s ib le  to  in c re a se  in  s tep s  o f 1 f o i l  from 0 to  48 
f o i l s .  By t h i s  means th e  p ro ton  energy could  be reduced from 7*7 
to  3 .5  Mev in  48 s te p s ;  th e  s tep s  were n o t equal in  energy, b u t
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Figure 4*2 Side view o f  ta r g e t  chamber
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a single foil corresponded to 68 kev at 7*7 Mev, and to 125 kev at 
3*5 Mev.
To minimise the background radiation produced in the 
neighbourhood of the crystal, it was undesirable to stop the beam 
in the target or target backing. Furthermore for good resolution 
in the yield curves, thin targets were essential and consequently 
the targets used in these experiments were either in the form of
-2thin foils or were deposited on thin foil backings. When 3nig.cm. 
gold foil was used as target backing the amount of background 
attributable to the gold was found to be negligible. The target 
chamber is shown in more detail in Figure 4«2. The targets were 
hung in the beam and stretched by a small weight suspended from 
them. The small amount of power (of the order of l/lO Watt) dis­
sipated in such thin targets made water cooling for them unnecessary. 
The beam leaving the target passed into a 2 ft. long tubular "beamM- 
catcher" lined with lead which stopped the protons at a sufficient 
distance from the detector so that background radiation effects 
were negligible. The beam current falling in the catcher was 
measured and integrated.
oGamma rays from the target were detected at 90 to the 
proton beam by the 4 in. long by 5 in. diameter Nal(Tl) crystal
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sea t ed in s id e  i t s  s t e e l  b lo c k . The c r y s ta l  was mounted w ith  i t s  
ax is  v e r t i c a l  and lo c a te d  19g in .  from th e  ta r g e t  c e n tr e .  One inch  
d iam eter s id e  c o llim a tio n  was adopted (  ^ 2*3). The s t e e l  block 
was surrounded on a l l  s id e s ,  above and below, by a 6 - in .  th ic k n e ss  
of le a d  sh ie ld in g  through which a 1 - in .  d iam eter c o llim a tin g  hole 
was d r i l l e d  so th a t  y -ray s  from th e  ta r g e t  could pass along a diam­
e te r  o f th e  c r y s t a l .  To reduce th e  neu tron  f lu x  th rough th e  c r y s ta l ,  
a 0 .010 in .  cadmium sheath  was wrapped around th e  le a d  s h ie ld  en­
c lo s in g  th e  s te e l  b lo ck , and 8 - in . th ic k  la y e rs  o f a c a s t m ixture of 
50$ p a ra f f in  wax and 50$ borax  were p laced  on th re e  s id e s  o f th e  
assembly a3 shown in  F igure 4*1- Gamma rays from th e  ta r g e t  had to  
be d e tec te d  th rough  th e  neu tron  s h ie ld ,  which tra n sm itte d  70$ of 
20 Mev y -ra y s .
4*3 The Background Problem .
The two main sources o f background r a d ia t io n  in  th e  
range o f y -ray  e n e rg ie s  examined w ith  th e  c r y s ta l  were (a )  th e  cosm ic- 
ray \x-mesons and (b ) th e  p ro ton  beam from th e  c y c lo tro n .
T ra v e rsa l o f th e  c r y s ta l  by n a tu ra l  p,-mesons produced 
a spectrum  of p u lse s  whose h e ig h t depended on th e  p a th le n g th s  of th e  
mesons in  th e  c r y s ta l  ( $ 2 . 4 ( e ) ) .  In th e  energy range o f in te r e s t
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(15 to 25 Mev) the distribution of cosmic-ray pulses was smooth, show­
ing a slight decrease towrards higher energies. The rate of accumul­
ation- of these pulses was found to be constant so that a knowledge 
of the time taken to record a spectrum enabled the cosmic-ray contrib­
ution to be estimated and subsequently subtracted.
It was desirable to reduce the number of points in the 
experimental arrangement at which the proton beam was either stopped 
or slowed down since these points yielded neutrons through (p,n) 
reactions and also y-rays through (p,y),(PjP’y )*(n,y) and (n,nT,Y)
reactions. Wherever such places could not be avoided (e.g. at the
o
180 probe, the external slit, the stopping foils, the target and 
the beam catcher) the materials used were chosen, where possible, to 
keep background radiation to a minimum. Inside the concrete block­
house several large blocks of paraffin were placed in such a way as
oto shield the crystal against neutrons arising from the 180 probe 
and from the external slits.
The quadrupole focussing magnets were of great assistance 
in solving the problem of background radiation. Early runs were
made without these lenses, and since the divergence of the extracted
o
beam was about % , further slits were required just outside and
just inside the concrete shielding wall to limit the size of the beam
spot at the target. A much bigger internal beam had to be accelerated 
in order to get enough beam at the target and the additional slits, 
being close to the crystal were a troublesome source of background.
The introduction of focussing magnets made these slits unnecessary 
and allowed a higher beam current at the target. This in turn meant 
that thinner targets could be used with a resulting improvement in 
the energy resolution of the experiment.
The biggest contribution to the background came from the
radiative capture of neutrons in the crystal and its surroundings.
The radiative capture cross-section for fast neutrons in iodine is
2high, being 29 mb at a neutron energy of 5*9 Mev . The most energetic
neutrons detected by the crystal were produced mainly in the target
7 7material itself (e.g. for 7*7 Mev protons, the reactions Li'(p,n)Be‘
11, .11and B (p,n)C produce neutrons with maximum energies of 4*5 and 4*0 
Mev respectively^). The Q-value for the reaction I^^(n,y)l is 
7*0 Mev^ so that capture of fast neutrons in the crystal produce 
rays with energies extending up to about 12 Mev. In addition to 
observing such background pulses in the recorded Y"raM spectra,
2. Tabulated Neutron Cross-sections, UCRL 5226, (1958)*
3. F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys., 2£, 77> (1955)*
4. H. Kubitschek and S.M. Dancoff, Phys. Rev., 76, 531» (1949).
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fu r th e r  evidence of r a d ia t iv e  neu tron  cap tu re  in  th e  c r y s ta l  was
found by running th e  c y c lo tro n  fo r  a sh o rt tim e and th e n , w ith  th e
beam o f f  and th e  gain  o f th e  pu lse  a m p lif ie r  tu rn e d  up, examining
th e  spectrum  r e s u l t in g  from r a d io a c t iv i ty  induced in  th e  c r y s ta l .
128The spectrum  of 2 Mev f t  - p a r t i c l e s  from I  ~ w ith  t h e i r  c h a r a c te r i s t i c  
h a l f - l i f e  o f  25 m inutes was re a d ily  observed .
Background p u lse s  in  th e  c r y s ta l  were sometimes observed 
as a s te e p ly  f a l l i n g  edge in  the  spectrum  ex tend ing  up to  e n erg ies  
as h igh  as 15 Mev ( e .g .  see F igure 5*1)* From an exam ination o f th e  
p o s i t io n  o f t h i s  edge fo r  d i f f e r in g  beam c u r r e n ts ,  i t  was e s ta b lis h e d  
th a t  th e se  p u lses  were due to  th e  "p ile -u p "  o f low er-energy  p u ls e s .
The occurrence  o f t h i s  " p ile -u p "  d id  n o t appear to  a f f e c t  th e  r e s o l­
u tio n  ob ta in ed  fo r  th e  cap tu re  y -ray s  being  s tu d ie d , provided th a t  
th e  " p ile -u p "  edge was k ep t below th e  reg ion  o f i n t e r e s t  in  th e  
spectrum .
The aluminium stopp ing  f o i l s  c o n tr ib u te d  p rim arily  
th rough th e  re a c t io n s :
Al27(p ,n )S i27 Q = -  5-61 Mev.
Al27(p ,Y )S i28 Q = + 11.6  Mev.
Al27( p ,p T)A127* (y )A12 7 .
At 7 »7 Mev p ro ton  energy th e  f i r s t  o f th e se  re a c t io n s  produces
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neutrons with a maximum energy of 1.8 Mev leading to neutron capture 
pulses in the crystal with maximum energies of 9 Mev. Furthermore 
this reaction has a threshold at a bombarding energy of 5«8 Mev 
which means that the foil system acts as an increasing source of 
neutrons as more foils are inserted into the beam until a proton 
energy of 5*8 Mev is reached after which insertion of further foils 
does not increase the neutron yield. The second and third reactions 
listed on the previous page, take place at effectively all proton 
energies and consequently the number of y-rays from these sources 
increases until the beam is completely stopped in the foils. In 
addition, some of the y-ray energies lie in the region of Interest 
in the crystal spectrum, (since the maximum y-ray energy from the
27 28A1 (p,y)Si reaction is 19.0 Mev). To provide further shielding 
against these y-rays, an extra 3-in. thickness of lead was interposed 
between the stopping foils and the crystal just outside the foil 
chamber (Figure 4.1). It was then found that, with the beam currents 
used in these experiments, the only significant background in the 
region 15 to 25 Mev was due to cosmic rays.
The main difficulty in connection with the background 
was to be able to keep the extracted beam current high enough so 
that the yield of proton capture y-rays from the target was large
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relative to the cosmic-ray background and, at the same time, to prevent 
background pulses from other sources from **piling-upn and obscuring 
the regions of interest in the Y~ra7 spectra. With the shielding 
arrangements shown in Figure 4*1> this difficulty was to a large 
extent overcome, and it was possible to record the spectra of Y”rays 
from (p ,y ) reactions in the target with a counting efficiency of 
1/7,100 for 20 Mev Y”~ays* With beam currents of the order of 1 |jtA, 
the cosmic-ray background level was usually less than 10% of the peak 
intensity of the capture Y~ra7s interest. At proton energies near 
4 Mev the background "pile-up” pulses began to spread into the region 
being examined in the spectrum. This effect, when combined with the 
reduced energies of the proton capture Y*"rays> set a lower linit of 
about 4 Mev proton-energy which could be usefully reached in these 
experiments.
4.4 Measurements On The Proton Beam.
4.4(a)* Proton Energy.
Calibration of the scale of proton energy relative 
to the number of aluminium foils inserted into the beam depended on 
a precise knowledge of the maximum proton energy and of the thick­
ness of the aluminium foils. From measurements of the magnetic 
field, R.F. voltage, and other specifications of the cyclotron, the
- 72-
energy o f th e  e x tra c te d  beam was c a lc u la te d  to  be 7 »72 Mev. This
agreed w ith  th e  value o f 7*70 t  .050 Mev ob ta ined  by m easuring th e
range o f th e  beam in  aluminium and using  th e  range-energy  r e la t io n s
5
given by Aron e t  a l . ,  f o r  p ro to n s  in  aluminium. Both o f th e se  values 
agreed w ith  th a t  ob ta in ed  by th e  m agnetic d e f le c t io n  experim ents 
d e sc rib ed  in  § 4 * 4 ( c ) .
The aluminium f o i l  used in  th e  racks was s e le c te d  fo r  i t s  
u n ifo rm ity  in  th ic k n e s s . Many p ie ce s  o f f o i l  of d i f f e r in g  s iz e s  but
cu t from th e  same b a tch , were weighed and a l l  gave th e  r e s u l t  th a t  th e
+ -2th ic k n e ss  was w ith in  th e  l im i t s  o f 1 .637 _ 0.004 mg.cm. This r e s u l t
was again  confirm ed when th e  experim ents were completed and sm all 
p ie ce s  cu t from f o i l s  on th e  rack  were weighed. The pro ton  energy was
then  d e riv ed  as a fu n c tio n  o f number o f f o i l s  u sing  th e  d a ta  of Aron
5
e t a l  .
As w ell as in tro d u c in g  a source of unwanted background 
r a d ia t io n  , th e  method o f vary ing  th e  p ro ton  energy by th e  f o i l s  
system  had th e  unavoidab le  d isad v an tag es  th a t  th e  beam was spread by 
s c a t te r in g  and th e  p ro ton  energy re s o lu t io n  worsened by s tra g g lin g . 
These e f f e c t s  a re  d e sc rib ed  in  th e  fo llow ing  s e c tio n s .
5* W.A. Aron, B.G. Hoffman and F.C. W illiam s, U.S.A.E.G. Report 
AEGU -  663, (1949).
Figure 4 »3« A Dyeline prints showing the beam cross-section
with no stopping foils inserted. The dark lines are shadows 
cast by steel cross-wires.
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4 .4 (b ) S c a tte r in g  by th e  F o i l s .
P re lim in ary  t e s t s  had shown th a t ,  a s  a r e s u l t  o f R uther­
fo rd  s c a t te r in g  in  th e  aluminium, th e  s topp ing  f o i l s  had a s l ig h t  de­
fo cu ssin g  e f f e c t  on th e  beam. This e f f e c t  became s ig n i f ic a n t  w ith  th e  
in s e r t io n  o f many f o i l s  and consequently  to  p rev en t th e  s iz e  of th e  
beam spo t from becoming to o  la rg e  a t  low pro ton  e n e rg ie s  th e  t a r g e t  
chamber was designed w ith  th e  f o i l  racks only  5 in .  up-beam from th e  
t a r g e t .  This n e c e s s i ta te d  c a re fu l sh ie ld in g  of th e  c r y s ta l  a g a in s t  
r a d ia t io n  from th e  f o i l s .
The m agnitude of th e  s c a t te r in g  e f f e c t  was measured
ex p erim en ta lly  by removing th e  beam c a tc h e r  and f ix in g  in  i t s  p lace  
-2  1 /a 5 mg.cm. by 2 ' 4 in .  d iam eter aluminium window on th e  f a r  end o f
th e  t a r g e t  chamber. A fte r  passing  th rough t h i s  window th e  beam 
s tru c k  a 2^ in .  square p iece  of "D yeline" p h o to -s e n s it iv e  copying 
paper p laced  about l / 4  in .  o u ts id e  th e  window. A fte r  a sh o rt exposure 
to  th e  beam and a b rushover w ith  dev e lo p er, th e  paper showed th e  exact 
p o s i t io n  and shape o f th e  beam. A s e t  o f th in  s t e e l  c ro ss  w ire s  in ­
s e r te d  between th e  window and th e  paper c a s t  a shadow which defin ed  
th e  c e n tre  o f th e  beam tu b e . This tech n iq u e  was a lso  found to  be a 
speedy a id  in  l in in g  up th e  beam tube  and fo c u ss in g  m agnets. F igure  
4 .3 i s  a ty p ic a l  D yeline p r in t .
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With th e  e x tra c te d  beam p ro p e rly  focussed  and w ith  no 
stopp ing  f o i l s  in s e r te d ,  th e  c ro s s -s e c tio n  of th e  beam in  th e  reg io n  
o f th e  t a r g e t  was a re c ta n g le  0 .3  by 0 .2  in .  S c a tte r in g  in  th e  
aluminium window and in  th e  a i r  gap between th e  window and paper d id  
n o t b lu r  th e  p ic tu re  ap p re c ia b ly  because of th e  sh o rt d is ta n c e s  
in v o lv ed . When a few f o i l s  were in s e r te d  th e  edges o f th e  re c ta n g le  
b lu rre d  and w ith  th e  in tro d u c tio n  of more f o i l s  th e  beam produced on 
th e  D yeline paper, a d if fu s e  c i r c u la r  spot whose d iam eter in c re a se d  
w ith  in c re a s in g  numbers of f o i l s .  These measurements showed th a t  th e  
maximum beam spot d iam eter a t  th e  t a r g e t  was 0 .5  in .  a t  a p ro to n  energy
of 3*9 Mev. T his was co n sid ered  s a t i s f a c to r y  as th e  h o le  in  th e  le ad
c o llim a to r  fo r  th e  c r y s ta l  was o f 1 in .  d iam eter, which meant th a t  th e  
geom etry, and hence th e  re s o lu t io n  fo r  th e  c r y s ta l ,  was e s s e n t ia l ly  
c o n stan t over th e  range of p ro ton  energy used .
4 « 4 (c ). Energy R eso lu tion  o f th e  Proton Beam.
The e n e rg ie s  o f th e  p ro tons in c id e n t on th e  t a r g e t  were 
spread about a mean value  as  a r e s u l t  o f (a )  th e  in h e re n t energy spread
of th e  e x tra c te d  beam and (b ) s tra g g lin g  in  th e  aluminium stopp ing
f o i l s ,  a r i s in g  from th e  s t a t i s t i c a l  n a tu re  o f th e  slowing-down p ro c e ss . 
The energy spread due to  bo th  of th e se  e f f e c t s  was measured experim ent­
a l ly  by th e  fo llow ing  method.
DEFLECTING
M A G N E T
TARGET
C H A M B E R E X T R A C T E D
2 FEET
PROTON
BEAM
Fig u re  4>4* Experim ental arrangem ent used f o r  measurements w ith
o
th e  20 d e f le c t in g  magnet.
The beam catcher was removed from the end of the target 
chamber and was replaced by a 20°  deflecting magnet. The target was 
replaced by a strip of lead sheet 0.010 in. thick with a vertical slit 
0.050 in. wide in its centre. The beam passing through the slit was 
deflected by the magnet and a picture of the beam cross-section was 
recorded by the Dyeline paper technique described in the previous 
section. The experimental arrangement is shown schematically in Figure 
4»4. The distances from the slit to the magnet and from the magnet to 
the Dyeline paper were arranged so that the beam was focussed on the 
paper to form an image of the slit.
The magnet current was adjusted and stabilized so that, with­
out stopping foils in the beam, the centre of the slit image coincided 
with the centre of the cross-wires at the window. The magnet had been
calibrated previously using a flux-meter and, from a determination of
othe magnetic field required to deflect the beam through 20 , the
maximum proton energy was again calculated to be 7-7 Mev.
The breadth of this image was then measured and found to 
be larger than that expected for an image produced by a mono-energetic 
beam of protons. Assuming that all of the spread in the image was the 
result of a spread in proton energies it was possible to place an
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PRO TO N  ENERGY (lN  MEV) AFTER 
TRAVERSING STOPPING F O IL S
NUMBER OF FOILS INSERTED
F igure  4«5 ( a ) . Crude s tra g g lin g  curve determ ined from  measurement; 
o f image spread as a fu n c tio n  o f th e  number o f s to p p in g  f o i l s  
in s e r te d  in to  th e  beam. The c i r c l e s  a re  th e  ex perim en ta l p o in ts  
and th e  f u l l  l i n e  i s  th e  th e o r e t ic a l  va lue  given by Bohr fo r  th e  
s tr a g g lin g .
( b ) . The th e o r e t ic a l  s tra g g lin g  curve o f Bohr to g e th e r  
w ith  th e  6 v a lu es  determ ined ex p e rim en ta lly .
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upper limit on the energy spread of the 7*7 Mev extracted beam at 35 
kev. This agreed well with the %% energy spread predicted from a 
knowledge of the positions and widths of the beam-defining slits inside 
the cyclotron.
The effect of straggling was examined by introducing 
stopping foils one at a time and measuring the spread in the image as 
a function of the displacement of the image centre relative to the cross­
wires. This result could then be translated into a plot of total energy 
spread versus mean beam energy. These measurements were made up to six 
foil thicknesses only, since scattering in the foils necessitated ex­
posure times at lower energies which were prohibitively long. When 
the initial spread of 35 kev was subtracted from these measurements, a 
crude estimate of the straggling curve was obtained (Figure 4»5(a)).
The straggling for charged particles which are losing
energy in traversing a stopping medium has been calculated by Livingstone
6and Bethe , '.tfho find that the rate of change with distance of the mean 
square fluctuation in the energy, E, is given by
d/ta J(iF)av - (Eav)^ j = Uire 'v,2 H [z' + Z k nInZn / mv2 .log(2mv2/ln )J ,
....... (4-1)
where Z T is the total number of '»effective** electrons defined as the 
number of electrons in the atom, Z, excluding those in the inner
M.S. Livingstone and H#A. Bethe, Rev. Mod. Pnys.,_J^j Section 16, 
(1937).
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shells for which Ir >2mv . The sum goes over the shells which are not
excluded. Z is the number of electrons in the nth. shell, I their n n
average excitation energy, and the certain constants between 2/3
and 4/3» x is the amount of stopping material traversed, N is the
3number of atoms per cm. in the material, and ze, m and v are the charge,
mass and velocity of the particles being slowed down. For high energies
the sum over n may be neglected, and with Z f replaced by Z, the form- 
7ula given by Bohr on the basis of classical mechanics is obtained:
d/dx (7e 2 ) - (E )2 1 = 47fe"z2NZ ...........(4.2)i— av av
This gives for the straggling:
1
( 47re’Jz"TZx) (4.3)
In the case of 7*7 Mev protons in aluminium, the Bohr formula is 
expected to be correct to within 10% down to an energy of 4 Mev - the 
energy range covered in the present experiments. At still lower en­
ergies the straggling would become appreciably larger than Bohr’s 
value due to the growth of the summation term in Eq.(4*l).
The theoretical straggling curve of Bohr is shown on
7. N. Bohr, Phil. Mag., 30, 581, (1915).
Figure 4»5(b) together with the straggling measurements resulting from 
magnetic analysis. The agreement is reasonable up to 6 foil thick­
nesses and the Bohr curve was assumed to hold for proton energies 
down to 4 Mev.
4.4(d). Energy Stability of the Extracted Beam.
The energy stability of the extracted proton beam was 
checked experimentally by two methods. In the first, changes in de­
flection of the full-energy beam by the 20° magnet were observed as a
function of time, and in the second, the yield of y-rays from the
27 s 2ÖAl (p,y)Si reaction was monitored at a proton energy of 7«50 Mev
27 28(3 foils). There is a steeply rising portion of the Al*' (p,y)Si 
yield curve centred about 7*50 Mev where the X“ ra-7 yield is doubled 
for an increase in proton energy of only 150 kev (see Figure 6.5)» 
Consequently any fluctuation in the proton energy produces a marked 
change in y-ray yield. Both of these measurements Indicated that 
after an initial ’Varm-up" period of half an hour the extracted beam 
was stable to within +0 and -30 kev over many hours of operation.
CHAPTER V.
8 12THE GIANT RESONANCE REGIONS OF 3e AND C STUDIED 
THROUGH THE REACTIONS Li7(p,y)Be8 AND B11(p,r)C12.
5.1 Introduction.
It was pointed out in $ 1*7> that it is of considerable 
interest to determine to what extent the giant resonance can be re­
garded as composed of a clustering of individual nuclear levels. Some 
experiments which have been performed using photo-nuclear reactions,
report fine structure in the (y,p) and (y,n) cross-sections in the
1>1 2 345,3,4,5giant resonance region for a few light nuclei . However, these
experiments suffer from certain disadvantages inherent in the use of 
bremsstrahlung radiation as the y-ray source ( ^1.7) and for this 
reason it was considered of value to perform the experiments, described 
in this chapter, using the inverse, radiative capture reactions.
1. L. Katz, R.N.H. Haslam, R.J. Horsely, A.G.W. Cameron and 
R. Montalbetti, Phys. Rev., 95» 464, (1954)«
2. J. Goldemberg and L.Katz, Phys. Rev., 95* 471> (1954)»
3. A.S. Penfold and B.M. Spicer, Phys. Rev., 100, 1377* (1955)*
4. L. Katz, Washington Conf. on Pnoto-nuclear Reactions, May 195&«
5. L. Cohen, A.K. Mann, B.J. Patton, K. Reibel, W.E. Stephens and 
E.J. Winhold, Phys. Rev., 104, 108, (1956).
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Bethe has demonstrated that the cross-sections for two
mutually inverse (y,p) and (p,y) reactions are related by detailed
balancing, provided that the same proton and y-ray wavelengths (in
7
the centre-of-mass system) are referred to in both processes .
Generally the only cases of practical importance will be where the 
residual nuclei are left in their ground states. The cross-sections
„ 12, , 11 11, v 12for the reactions C (y,p)B and B (p,y)C have been related in
8 . this way by Mann and Titterton . They made a measurement of oYP
at 17*6 Mev y-ray energy relative to the known cross-section for 
12
C (y,3a) • Their value of = 1.19 ~ 0.21 mb. is in good agree­
ment with the value of 1.09 - 0.16 mb. calculated from the inverse
9
reaction by detailed balance. Wright et al . have also related their 
N^(y,p)C ^ results by detailed balance to those known for C^^(p,y)N^4 .
Although the method of radiative proton capture has the 
advantages that the energy of excitation is known precisely and that 
good resolution is obtainable with a mono-energetic beam of protons, 
it has not been exploited previously in an investigation of the giant
6. H.A. Bethe, Rev. Mod. Phys., 9* Section 14» (1937)«
7» Detailed balance is discussed in more detail in Appendix B.
8. A.K. Mann and E.W. Titterton, Proc. Phys. Soc. A69, 917» (1956).
9* I.F. Wright, D.R.O. Morrison, J.M. Reid and J.R. Atkinson,
Free. Phys. Soc., A69, 77* (1956).
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resonance. The reason is that, until recently, variable-energy 
sources of protons in the range of 5 to 15 Mev required to cover the 
region were unavailable. In the experiments reported in the follow­
ing sections, the Canberra 7.7 Mev cyclotron was used as a source of 
protons of good energy homogeneity. The energy was varied using 
stopping foils as described in the previous chapter.
Two reactions have sufficiently high Q-values to allow the
giant resonance region to be covered by (p,y) studies in this energy
7 3  11 12range; they are Li (p,y)Be +17*2 Mev and B (p >y )0 * 16.0 Mev.
The maximum proton energy of 7 »7 Mev enabled nuclear excitations of
3 1224»0 Mev and 23»0 Mev to be reached in Be and C respectively.
3 12 +The ground states of both Be and C are 0 and since most of the 
emitted y-radiation will be electric dipole (§ 1.7) it is expected 
that the levels which contribute most significantly to the giant 
resonance will be 1 ( and T = 1, if isotopic spin is still a good
quantum number at such high excitation). The low level density 
associated with such light nuclei together with the fact that only
3 121 levels are expected to be significant suggests that Be and C
are most suitable nuclei in which to search for fine structure in
the giant resonance. The approximate position of the giant resonance 
12 10 3in C is known , but Be is an unstable nucleus and cannot be
10. J. Halpem and A.K. Mann, Phys. Rev., #3, 370, (1951)
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in vest igated by photo-disintegration techniques; it was hoped to 
establish the position and properties of the giant resonance for it.
5*2 Preparation of Targets.
5«2(a) Lithium.
Attempts were made to prepare a target by evaporation
-2of lithium metal onto a 3 mg.cm. gold foil backing. However, it was 
found that the lithium rapidly diffused into the gold resulting in 
an effectively thicker and non-uniform target.
The lithium targets which were finally used were 
thin, uniform foils of natural lithium metal which were made initially 
ty rolling a small piece of the metal, bathed continuously in par­
affin oil, between two sheets of brass. The thinnest obtainable by 
this technique were about .003 in., this limitation being set by a 
tendency for the lithium to work-harden and to adhere to the brass. 
Later targets were made as thin as .001 in. by rolling the metal in 
a kerosene bath between two thin polythene sheets. These foils were 
transferred to a bath of dry xylene where they were clamped in a 
target holder. The whole target assembly was then rapidly transferred 
to the target chamber which was immediately pumped out. By observing 
these precautions it was possible to get a target into position in 
the cyclotron without any visible oxidation, hydrolysis or other 
chemical action taking place on the lithium.
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5 .2 (b )  Boron.
E a rly  runs were made u s in g  Bo0^ t a r g e t s  evaporated  onto
-2a 3 mg.cm. gold f o i l  back ing . However, in  o rd e r  to  improve th e  
y ie ld  from th e  ta r g e t  w ithou t lo s in g  re s o lu t io n  due to  in c re a se d  
ta r g e t  th ic k n e ss , i t  was d e s ira b le  to  make a pure boron t a r g e t .
A fte r some ex p erim en ta tion  carbon c ru c ib le s  were made which were 
s a t i s f a c to r y  fo r  th e  evapo ra tion  iri vacuo of pure amorphous boron 
(m eltin g  p o in t 2 ,300°C ). The g re a te s t  d i f f i c u l t y  in  making th e se  
c ru c ib le s  which were carved out of g ra p h ite  b lo c k s , la y  in  ach iev ­
ing  a p roper g ra d a tio n  in  th e  e l e c t r i c a l  r e s is ta n c e  so th a t  excess­
iv e  h e a t was no t conducted away to  th e  w a ter-co o led  copper e le c tro d e s
a t each end. The ta r g e t s  used fo r  most o f th e  runs were lay ed  on th e
_ogold f o i l  as 1.25 in .  d iam eter d is c s  o f th ic k n e ss  about 0 .8  mg.cm. . 
Chemical t e s t s  on th e  m a te r ia l which was evaporated  onto a copper 
p la te  ho ld ing  th e  f o i l  in  th e  ev ap o ra to r in d ic a te d  th a t  on ly  about 
50% o f th e  ta r g e t  was boron, th e  rem ainder be ing  carbon. Comparison 
between y ie ld s  from th e  boron and B^O,, ta r g e t s  confirm ed t h i s  f ig u re  
fo r  th e  f r a c t io n  o f boron . The presence  of carbon in  th e  t a r g e t
was a t t r ib u te d  to  some o f th e  molten boron combining w ith  carbon in
o
th e  c ru c ib le  to  form boron carb ide  which m elts  a t  2,350 C.
The p o s s ib le  presence of sm all amounts o f contam inant
130
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11 12Figure 5*1« B (p,y)C spectrum at Ep = 7*7 Mev. The dashed 
line represents the background level at this energy.
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elements in the lithium and boron targets did not raise any difficult­
ies in these experiments. This was because all of the likely contam­
inants had low Q-values for (p,y) reactions and could not possibly 
give rise to y-rays in the high energy region under study. The same 
remarks apply to the isotopes Li° and which were present in the 
targets in their natural isotopic abundances of 7»5% and 18.8$ 
respectively.
5 »3 Measurements.
The experimental arrangement was as described in Chapter IV. 
The proton energy was varied between 7*7 Mev and 4 Mev by insertion 
of stopping foils. At each proton energy, for a given number of 
micro-coulombs of integrated beam current, a pulse-height spectrum 
of y-rays was recorded on a kick-sorter which was biased to avoid 
counting the large number of pulses below 15 Mev. Each spectrum 
took about 15 minutes to record.
11 12In Figure 5*1 a typical B (p,y)C spectrum at a bombard­
ing energy of 7*7 Mev is shown with the background level marked in.
Transitions to the ground state and the 4.4 Mev first excited state 
12of C ~ are clearly resolved at 23.0 and 18.6 Mev y-ray energies.
The steeply ascending counting rate in channels below 10 is due to
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Figure 5 »2« L i^(p,Y )B e^ spectrum  a t  Ep = 7*7 Mev.
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the  background e f f e c t s  d iscu ssed  in  ^4*3« As th e  bombarding proton 
energy was reduced, both peaks in  th e  spectrum  moved downwards in  
energy. T his e f f e c t ,  combined w ith  th e  s l ig h t  upward movement o f th e  
" p ile -u p "  edge as more s to p p in g  f o i l s  were in s e r te d ,  tended  to  obscure 
the  low -energy peak ( f i r s t  ex c ited  s ta t e  t r a n s i t io n )  a t  low er proton 
e n e rg ie s . The peak due to  th e  g ro u n d -s ta te  t r a n s i t i o n  was re so lv ed  
a t a l l  en erg ies  and by counting  th e  number o f p u lse s  under t h i s  peak 
on each spectrum  reco rd ed , th e  y ie ld  of g ro u n d -s ta te  Y” ra<ys was 
determ ined as a fu n c tio n  o f bombarding pro ton  energy.
To o b ta in  good s t a t i s t i c s  s ev e ra l long rim s were c a r r ie d  
o u t. In  each run th e  cy c lo tro n  ( a f t e r  an i n i t i a l  warm-up p erio d  of 
h a lf  an hour) was o p e ra ted  con tin u o u sly  fo r  approxim ately  20 h o u rs . 
During t h i s  tim e , s p e c tra  were recorded  s ta r t in g  a t  f u l l  energy, 
slow ly working down to  4 Mev and then  re tu rn in g  to  f u l l  energy . In 
a l l ,  a t o t a l  o f seven teen  such runs was made w ith  t a r g e t s  of b o ric  
oxide and boron o f v a rio u s  th ic k n e s s e s , bu t th e  f i n a l  r e s u l t  com prises 
d a ta  tak en  in  s ix  rim s on a 40 kev th ic k  e lem en ta l boron ta r g e t  and 
i s  shown in  F igure  5 »3( a ) .
S im ila r  experim ents were c a r r ie d  ou t w ith  l i th iu m  ta r g e t s .  
In t h i s  case th e  p u ls e -h e ig h t spectrum  a t  maximum energy was as 
shown in  F igure  5 .2  and th e  main t r a n s i t io n  was to  th e  broad 2 .9  Mev 
le v e l  o f Be^; t r a n s i t io n s  to  th e  ground s ta t e  were le s s  in te n se  and 
showed up on ly  as a sm all peak on th e  s id e  of th e  broad one. Y ield
PROTON ENERGY (M«V)
~1 ~] i 2
Figure 5 «3 ( a ) « Y ield  curve f o r  B (p >y )C g ro u n d -s ta te  ^ r a y s .
7 A( b ) .  Two d e te rm in a tio n s  o f th e  L i'(p ,Y )B eö y ie ld  curve*
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curves were determ ined as b e fo re , bu t th e  number o f runs over th e
a v a ila b le  p ro to n  energy range was l im ite d  to  s ix  as th e  cy c lo tro n
had to  be d ism an tled  and moved in to  i t s  p o s i t io n  as  in je c to r  fo r  th e
pro ton  synch ro ton . The y ie ld  curves were d e riv ed  bjr p lo t t in g  th e
t o t a l  number o f p u lses  under th e  peaks corresponding  to  t r a n s i t io n s
8to  both  th e  2 .9  Mev and th e  ground s ta t e s  o f Be .
In  p re lim in a ry  experim ents w ith  l i th iu m  ta r g e t s  i t  was 
found th a t  th e  neu tron  p ro d u c tio n  from them was ap p re c ia b ly  g re a te r  
than  th a t  from th e  boron t a r g e t s .  This was a t t r ib u te d  m ainly to  a 
h ig h er c ro s s - s e c t io n  f o r  th e  (p ,n )  re a c tio n  in  l i th iu m , and p a r t ly  
to  (o,,n) re a c t io n s  r e s u l t in g  from th e  (p,ot) re a c t io n s  o ccu rrin g  in  
th e  t a r g e t .  As a r e s u l t  o f t h i s  enhanced background, i t  was necess­
ary to  use sm a lle r  beam c u rre n ts  to  avoid d i s to r t io n  o f th e  spectrum  
by " p i le -u p " . The y ie ld  curves regarded  to  be o f th e  most s ig n i f ­
icance ( i . e .  o b ta in ed  a t  th e  low est beam c u r re n ts )  a re  th e  two shown 
in  F igure  5 »3(h) .
5-4 C a l ib ra t io n  o f th e  N al(T l) C r y s ta l .
At th e  com pletion of experim ents on th e  c y c lo tro n , th e  
t a r g e t  chamber, c r y s ta l  and i t s  sh ie ld in g  were t r a n s f e r r e d  in  to to  to  
th e  1 Mev C ockcroft-W alton a c c e le r a to r  in  th e  High Tension la b o ra to ry .
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The resolution and calibration of the crystal for high-energy y-rays
were then determined under geometrical conditions identical with
those previously used on the cyclotron. A thick (350 kev) layer of
lithium metal evaporated onto a copper backing was used as the target.
At the 441 kev resonance the thick target yield from the Li^(p,y)Be^
-S 11reaction was taken as 1.90 x 10 y-rays per proton . The resolution 
of the crystal at a y-ray energy of 17.6 Mev was estimated at 15$.
It was essential to prevent chemical deterioration of the 
lithium target during transfer from the evaporator to the target 
chamber. To avoid this, after deposition of the target, the evap­
orator and the target chamber were filled with dry argon and the 
target was transferred under a jet of argon. The target chamber was 
then evacuated. This technique permitted a bright mirror-like deposit 
of lithium metal to be maintained throughout.
Using this calibration the peak cross-section for the
11 - 12emission of ground-state y-rays in the B (p,y)C reaction was 
found to be:
d<*7da(90°) = (2.7 t 0.5) X 10 " cmf/^sterad.,
. 7 8Similarly, the maximum value of the cross-section for the Li'(p,y)Be~
11. W.A. Fowler and C.C. Lauritsen, Phys. Rev., 76, 314> (1949)*
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reaction was found to be:
_2g o
d /dA (90°) = (1.4 1 0.4) x 10 cm. / 4rc sterad.,
■where both transitions to the ground state and the 2.9 Mev state are 
included. Most of the uncertainty in these cross-sections is due to 
the difficulty in determining the fraction of the total spectrum 
which is represented by counts under the peaks.
5.5 Results.
11 12 5.5(a) 3"-(p,y)C .
The yield curve for ground-state y'“radiation emitted
in the B ^ ( p ,y )C reaction, shown in Figure 5*3(a), reveals the
position of the maximum of the giant resonance at a bombarding proton
energy of (7*2 1 0.1) Mev. The curve also exhibits small peaks at
proton energies of 5-95 and 6.75 Mev (corresponding to excitations in 
12 of 21.4 and 22.1 Mev respectively), but it is otherwise smooth 
within the resolution of the experiment (indicated on Figure 5 »3(a) 
for various proton energies). No significance is attached to the low 
point at 7»3 Mev proton energy because it did not occur reproducibly 
and it is within the statistical errors of the experiment.
It was noticed that as the proton energy was varied, 
the ratio of the intensity of the ground-state Y"*ray transition to
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th a t  of th e  f i r s t  e x c ited  s t a t e  t r a n s i t io n  d id  n o t appear to  change
12a p p re c ia b ly . The t r a n s i t io n  to  th e  4*4 Mev le v e l  in  C merged in to  
th e  " p ile -u p  edge” fo r  bombarding p ro ton  en e rg ie s  below about 5 »5 Mev. 
However, th roughout th e  range 5*5 to  7*7 Mev th e  r a t i o  o f ground- 
s ta t e  to  f i r s t  ex c ited  s ta t e  t r a n s i t io n s  was e s s e n t ia l ly  co n stan t 
and was roughly  2 :1 .
5 .5 (b )  L i7 (p ,Y )3e:i>.
The two y ie ld  curves ob ta in ed  a t  th e  low est ta r g e t  
c u r re n ts  a re  shown in  F igure 5*3(b). One run w ith  a t a r g e t  145 Mev 
th ic k  and a beam c u rre n t o f 0 .35  gave a y ie ld  curve which r i s e s  
from low er pro ton  e n e rg ie s  and f l a t t e n s  o f f  a t  about 6 .0  Mev pro ton  
bombarding energy. The o th e r run , made w ith  a th ic k e r  t a r g e t  (280 
kev) and a much low er beam c u rre n t o f 0 .05  p.A, gave a y ie ld  curve 
which d isp la y s  a broad resonance w ith  a maximum a t  a bombarding energy 
of 5 .8  Mev. The experim ental evidence suggested  th a t  du ring  th e  
f i r s t  run ( a t  o.35 (J.A), th e  p ile -u p  of background ra d ia t io n  may have 
been d i s to r t in g  th e  s p e c tra , and fo r  t h i s  reason i t  i s  b e liev ed  th a t  
th e  second y ie ld  curve taken  a t  th e  low er proton beam c u rre n t should 
be accep ted . The experim ental p o in ts  recorded  in  t h i s  run a re  shown, 
in  F igure  5 »5» There i s  no s ig n if ic a n t  evidence fo r  s t ru c tu re  in  th e  
resonance , but th e  s t a t i s t i c a l  accuracy and th e  experim ental, r e s o l ­
u t io n  (which ranged between 300 and 350 kev) a re  n o t s u f f ic ie n t  to
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rule out the possibility of small peaks of the type observed in the 
11 12
3 (p »y )G reaction.
The ratio of ground-state to first excited state transitions 
appeared to be essentially constant over the range of proton energy- 
used. This ratio was approximately 1:5»
g
5.5(c) Transitions to Higher Excited States of Be .
Evidence for and against the existence of excited
8
states in Be between 3 and 10 Mev excitation, has been produced by
12
many authors (see Appendix C). Inall and Boyle report the reaction
7, 8* 4 8
Li (p,y)3e (a)He proceeding via levels in Be at 4*1» 5»3 and 7*5
7 8
Mev. In the Li (p,y)Be experiment using the cyclotron a search was 
made for possible Y“rays proceeding through these states. None were 
found, although many spectra were recorded with good statistical 
accuracy at several bombarding proton energies. It was estimated 
that if 10% of the total y-ray transitions had involved states at 
4.1 or 5*3 Mev with widths less than J Mev, these would have been 
observed. Lower energy Y“ray s going 1° a state at 7*5 Mev probably 
would not have been resolved from the background.
12. E.K. Inall and A.J.F. Boyle, Phil. Mag., 44, 1081, (1953)*
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5*6 Comparison with Other Results.
5.6(a) BU (p .y )C12.
Application of the principle of detailed balancing 
(see Appendix B) to the maximum cross-section for emission of ground-
11  ^pstate y-rays in the B (p,y)C reaction 5«4) yields a value of
d<f/dJCl(90° ) = (24 t. 4) nib / kn sterad.
for the peak cross-section for the emission of protons to the ground 
state of B^ in the inverse C^(y,p)B^ reaction, the peak being 
located at a y-ray energy of » (22.55 i 0.1) Mev.
10Halpem and Mann in photo-disintegration experiments 
found a maximum cross-section of (34 t 8)mb./47C sterad. at the 
same angle. Their value, however, is dependent on large corrections 
for target absorption which are sensitive to the energy distribution
of the emitted protons. This distribution has since been measured
5more accurately by Cohen et al., who find a peak cross-section at 
90° of 21mb./ 47T sterad. for the emission of ground-state protons.
The previous best estimates of the position (E )max12 11and width (P ) of the giant resonance in C (y,p)B are given by 
Halpem and Mann (^max “ 21*5 Mev, I « 1*7 Mev) and by Haslam
.
PttOTON ENERGY CMEV)
GAMM A RAY ENERGY CMEV5
Figure 5 »4« Present yield curve compared with the
results of some previous experiments
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et al. (E = 21.2 Mev, P = 2 Mev). The present results indicate 
max
that these values for E are about 1 Mev too low. If we assumemax
that the giant resonance is symmetrical about the peak, then the yield
curve of Figure 5»3(a) has a width of 3*6 Mev in proton bombarding
12 . 11
energy. This corresponds to a width in the C (y>P)S reaction of
P= 3*3 Mev, a value significantly larger than those previously 
10,13estimated. Within the limitations of their statistical accuracy,
5the results of Cohen et al. show fair agreement with the present 
results as far as the position and the width of the giant resonance 
are concerned.(see Figure 5*4)
The yield curve of Figure 5»3(a) is shown again in Figure 
5»4 where it is compared with the results of some other experiments.
K
The results of Cohen et al* were obtained by irradiating a thin poly­
thene foil with 24 Mev bremsStrahlung and using photographic plates 
to examine the photo-protons emitted. The resultant energy spectrum 
of photo-protons was corrected for the escape of protons from the em­
ulsion and multiplied by a brems Strahlung correction factor. On the
11
assumption that the residual B nucleus is always left in its ground 
12 13-
state, the C (y>P)B cross-section curve shown in Figure 5*4 was 
obtained. Their curve gives some indication of fine structure in the
13. R.N.H. Haslam, R.J. Horsely, H.E. Johns and L.B. Robinson, 
Canad. J. Phys., 31> 636, (1953)*
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giant resonance region, but the statistical accuracy is not good and
11
the possibility of proton emission to excited states of B complic­
ates the interpretation of the curve below 22 Mev photon energy. 
Between 22 and 24 Mev the curve becomes uncertain because of poorer 
statistics combined with the need for larger bremsStrahlung correct­
ions. However, the histogram does show a fairly definite group at 
21.5 Mev which could be identified with the peak observed in this 
experiment at 21.4 Mev.
11, . 11 14The B (p,n)C yield curve of Blaser et al. is also
shown on Figure 5»4 and although one would not necessarily expect a
close agreement between the (p,n) and the (p,y) results, their curve
does show two peaks at excitations in C of 21*3 and 21.8 Mev.
11 12
Moreover, the present B (p,y)C results are strikingly
15
similar to those reported by Barber at the Washington photonuclear
12 11
conference (May, 1958) relating to the reaction C (e,eTp)3 . The
proton energy distribution measured in this experiment showed a peak
at 6 Mev, which corresponds to the giant resonance peak at 22.5 Mev 
12excitation in C . With the resolution available (about 170 kev) 
fine structure was not observed, but below the main peak alternate
14. J.P. Blaser, F. Boehm, P. Marmier and P. Schemer, Helv. Phys. 
Acta, 24, 465, (1951).
15. W.C. Barber, Washington Photonuclear Conference (May 1958).
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plateaux and steeply rising portions occurred. A plateau at 21.4 
Mev was observed with good reproducibility, and additional plateaux 
at 21.8 and 20.9 Mev were suggested by the data.
On the other hand, the present results are not compatible
4with the most recent data presented by Katz et al. for the "breaks"
12 11 12 
in the C (Y>n)C activation curve. In the region of G excitation
between 21 and 23 Mev the Saskatoon work suggests that most of the 
absorption occurs into sharply defined narrow states (with widths less 
than 50 kev) at 21.08, 21.22, 21.58* 22.02 and 22.88 Mev, the last 
three being very strong. The vertical lines in Figure 5*4 represent 
the relative integrated cross-sections under the levels correspond­
ing to these "breaks". Over this region the resolution of the pre­
sent experiment varies from 60 to 85 kev and is good enough to have
indicated such structure. Further evidence against this interpretation
16
of the "breaks" data has been reported by Wolff et al. who have
12
measured the total absorption cross-section in G from 20.3 to 20.8 
Mev using monochromatic Y“*rays from the T^(p,Y)He^ reaction. They 
found that no resonances of width less than 70 kev are present with 
more than l/2 to l/5 of the integrated cross-sections reported by 
Katz,* " but state that their results are not inconsistent with the
16. M. Wolff, E.J. Winhold, W.E. Stephens and E.E. Carrol, 
Washington Photonuclear Conference (May 1958).
280 keV 
LITHIUM 
TARGET
O 1200
PROTON ENERGY (M«V)
7 o
F igure  5*5« The most r e l i a b l e  L i (p ,y)B e y ie ld  
The f u l l  l i n e  re p re s e n ts  th e  d a ta  o f B air e t  a l . ,
curve d a ta ,  
norm alised
a t Ep = 4*0 Mev
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broader structure reported by Cohen et al.
The broken curve in Figure 5*4 is the 90° yield curve for
11 12
ground state y-rays from the B (p,y)C reaction obtained by Bair 
17
et al. These workers did not measure absolute cross-sections, and 
their yield curve is shown normalised to the present result at a 
proton energy of 4*5 Mev.
7 85«6(b) Li (p,Y)3e .
Figure 5.5 shows the fit of the present data to the
. _ . . 18 yield curve determined by Bair et al. for y-rays of energy greater
than 10 Mev. The two results are normalised at a proton energy of
4.8 Mev.
8
Be is an unstable nucleus and therefore the present
results cannot be compared with any photo-disintegration data for
8 n J
Be (y,p)Li . However, the yield curve of Figure 5*5 indicates that
the inverse reaction, if it could be observed would have a broad
giant resonance maximum at about E = 22.3 Mev and an approximatemax
width of P = 5 Mev.
19Wilkinson has suggested that the smoothly increasing
17» J.K. Bair, J.D. Kingston and H.B. Willard, Phys. Rev., 100,
21, (1955).
18, J.K. Bair, H.B. Willard, C.W. Snyder, T.M. Hahn, J.D. Kingston 
and F.P. Green, Phys. Rev., 8£, 946, (1952).
19. D.H. Wilkinson, Phil. Mag., 4£, 259, (1954).
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18 7, N 8trend of the Li (p,y)Be excitation function at proton energies
above about 2.5 Mev, was mainly due to a process inverse to the giant 
8 7
resonance in Be (y>p)Li . The peak cross-section determined in this
experiment ( $ 5*4) for the emission of y~rays to both the ground and
8 7 8first excited states of Be in the Li (p,y)Be reaction is:
—28 2
/dA(90°) = (1.4 1 0.4) x 10 cm. / 4 it sterad.,
which is about half the value calculated by Wilkinson on the basis
8of a postulated giant resonance in Be with parameters ^wazr = 22.2 
Mev, r = 2.3 Mev and an integrated cross-section of 30 Mev - mb.
If the experimental width of T  = 5 Mev were used in the calculation 
together with the same integrated cross-section of 30 Mev - mb (this 
figure is not likely to be greatly in error) then the predicted peak 
cross-section agrees well with that determined in this experiment•
5.7 Discussion.
The results of these experiments show that there is
certainly structure in the giant resonance observed in the reaction
11 12 12 11 B (p >y )C (and therefore in the reaction C (y>p)B )• The struct­
ure appears to be of a broad nature and quite unlike that suggested 
by the "breaks" experiments. The discrepancy between the two results 
warrants further investigation since, from charge symmetry consider-
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ations, one would expect that any fine structure observed in the
12, . 11
giant resonance in the C (y,p)B reaction would be similar to that
12 pi
observed in the C (y>n)C reaction.
The present yield curve (Figure 5*3(a)) suggests that if
only a few 1 states (with T = 1 if isotopic spin is still a good
quantum number at these excitations) contribute to the giant reson- 
12
ance in C , then these states must be broad, having widths of the 
order of g Mev or more. In this region of high excitation one would 
expect many broad levels, and it is possible that, in this experiment, 
we pick out some of the 1 , T = 1 states, of which there may be only 
three or four with large matrix elements for the emission of electric 
dipole radiation to the ground state ( $ 1.7). An alternative possib­
ility is that there is a large number of such 1 , T = 1 levels part­
icipating in the giant resonance. If the separations of these levels 
were less than their widths, or (if the levels are narrow) less than 
the resolution obtained in this experiment, then the observed yield 
curve would represent the envelope of such levels.
The fact that a single broad 1 , T = 1 level ( P =1.3 Mev)
20 12 is known to exist at 17*2 Mev excitation in C , is perhaps an
20. T. Huus and R.B. Day, Phys. Rev., 91* 599, (1953)*
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indication that only a few broad levels participate. However, to 
settle the question definitely, it would be desirable to repeat these 
experiments with an energy resolution which is an order of magnitude 
better than that obtained in this work with the cyclotron.
The Y~ra7 branching ratios for the two reactions
7, 8 11 12Li (p,y)Be and B (p ,y )C differ markedly. In the Li'(p,Y)Be
reaction y ray transitions favour the first excited state by a factor
of 5 over the ground state and in the B (p >y )C reaction they
favour the ground state by a factor of 2 over the first excited state.
The reason for the difference is not easy to see on the basis of
simple ideas on y ray widths. In both cases we are dealing with p-
7 11 / -shell nuclei; both Li and B have 3/2 ground states and both 
3e^ and are a-particle nuclei with 0+ ground states and 2+ first 
excited states. Other things being equal, one would expect, trans­
itions from a 1 , T = 1 level to the first excited state to be a 
factor of 5 stronger than those to the ground state because of the 
higher statistical weight attached to the 2+ level. However, because 
of the increased transition probability associated with the higher
energy of the ground-state y rays (see Eq.1.2) this factor would be
3
reduced by (E-j/E ) where E and E, are the energies of the transitions^ n -L 8 12to the two states, assuming dipole radiation. For Be and C this
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s t i l l  leav es  a f a c to r  o f about 3 in  favour o f  th e  f i r s t  ex c ited  
s ta te  t r a n s i t io n .
7 11Capture of s-wave p ro tons by L i o r  B can le ad  only to
_ _ B 3 ? _
1 o r 2 s ta te s  in  Be " and C . Only th e  l ” , T = 1 s ta t e s  can decay
■f- mm ■"*
by E l ra d ia tio n  to  th e  0 ground s t a t e ,  bu t both  1 and 2 le v e ls
+
w ith  T = 1 decay to  th e  2 f i r s t  e x c ite d  s t a t e .  The cap tu re  of d -
wave p ro to n s , whose c o n tr ib u tio n  w i l l  be sm alle r because o f th e
c e n tr ifu g a l  b a r r i e r ,  can le ad  only  to  l “ ,2~ ,3~ and 4~ s t a t e s .  Of
th e s e , only th e  1 ,T = 1 s ta t e s  can decay by El em ission to  th e  ground
s t a t e ,  but th e  1 , 2  and 3 s ta t e s  w ith  T = 1 can decay to  th e  2+
s t a t e .  Such c o n s id e ra tio n s  in d ic a te  th a t  a f a c to r  o f 5 in  favour of
th e  t r a n s i t io n  to  th e  f i r s t  ex c ited  s t a t e ,  as observed in  th e
7 8
L i (p,Y)Be re a c t io n ,  i s  u nderstandab le  in  th e se  te rm s, and th a t  fo r
12
some reason , El Y“ ra y t r a n s i t io n s  to  th e  4»4 Mev s t a t e  o f C a re  
in h ib i te d  by a f a c to r  of about 10.
I t  i s  somewhat s u rp r is in g  th a t  th e  Y“ra 7 branch ing  r a t io s  
do no t appear to  change w ith  p ro ton  energy . One would expect th a t  
in  going from a l , T = l t o a 2  o r  3 » T = 1 in te rm e d ia te  s t a t e ,  
say , th e se  r a t io s  xvould be a f fe c te d  q u ite  s ig n i f ic a n t ly .  The fa c t  
th a t  no ap p rec iab le  changes in  r e l a t i v e  in t e n s i t i e s  a re  seen suggests 
th a t  e i th e r  (a ) th e re  a re  only a few in te rm e d ia te  s t a t e s  involved
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each having the same spin, parity and isotopic spin quantum numbers; 
probably 1 , T = 1, since there is always an appreciable fraction of 
ground-state radiation present, or (b) the intermediate states are 
so dense that each spectrum recorded is an average over many levels 
and this average does not change its character appreciably with proton 
energy. In order to distinguish between these possibilities it 
would be desirable to perform the experiments again with much better 
energy resolution as mentioned earlier, and if possible also measure 
the angular distributions of the Y“rays emitted.
CHAPTER VI.
REGIONS OF HIGH NUCLEAR EXCITATION IN OTHER ALPHA-PARTICLE NUCLEI.
6.1 Introduction.
The experimental methods described in the previous
7. . 8 11, , 12chapter for the reactions Li (p,y)Be and B (p,y)C were also 
employed to study regions of nuclear excitation lying between 14 and 
20 Lev in he , Mg , Si and S .
The reactions used were:
FL9(p,r)Ne20 + 12.9 Mev
no nj
Na (p,y)Mg + 11.7 Mev
Al1 2^(p,y)Si2^ + 11.6 Mev
P^(p,Y )S^ + 8.8 Mev.
In the resultant a-particle nuclei, the high binding energy of a 
proton, together with the 7»7 Mev available from the Canberra cyclotron, 
enabled maximum nuclear excitations of 20.2, 19»1* 19*0 and 16.3 Mev 
respectively, to be reached.
Previous to the present experiments none of these (p,y)
1 2reactions had been studied at bombarding energies above 2.5 Mev.
1. F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys., 27> 77> (1955)«
& Rev. Mod. Phys., to be published.
2. P.M. Endt and C.M. Braams, Rev. Mod. Phys., 29, 683, (1957)*
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19 iThe h + p reaction has been examined up to 5-3 Mev by Willard et al.
but their yield curves include all y-rays with energies above 3 Mev,
which they considered to arise mainly from the F"^(p,a,y)0"^ reaction.
It was the aim of the experiments to be described in the 
following sections to measure the yield curves for the high energy 
y-rays from the reactions listed on the previous page using protons 
with energies between 4 and 7.7 Mev.
6.2 Experimental Method.
Except for targets the general experimental arrangement 
was identical with that used previously. The same shielding against 
background radiation was again found adequate in these experiments.
The target elements were all mono-isotopic, and again small traces of 
contaminant elements in the target material were found to be no 
problem.
Yield curves were determined by recording y-ray spectra 
at each proton energy for a given number of protons, and by measur­
ing the number of counts under the peaks corresponding to y-ray 
transitions to the first excited state and to the ground state, of 
the final nucleus. Each spectrum took about 20 minutes to record
3. H.B. Willard, J.K. Bair, J.D. Kingston, T.M. Hahn, C.W. Snyder 
and F.P. Green, Phys. Rev., 85» 849» (1952).
KICKSORTER CHANNEL
Figure 6.1. Pulse-height spectra produced by y-rays from (a) the 
reaction at Ep = 7»63 Mev, and (b) the Na2^(p,y)Mg^ 
reaction at Ep » 6*40 Mev. The arrows indicate transitions to the 
ground and first excited states of Ne2^ and Mg^. The dotted 
curves are the background counts with the targets withdrawn from
the beam
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wit h beam currents of 0.1 \iA for sodium, aluminium and phosphorus, 
and below 0.08 u,A for fluorine.
6.3 Results.
, , v 19, N 206.3(a) F (p,y)Ne •
The fluorine targets were poly-tetra-fluorethylene
-2("Fluon") foils of thickness 0.98 mg.cm. These foils were found 
to suffer progressive damage produced by the passage of the proton 
beam; they became brittle and, to prevent their crumbling in the 
region of beam impact, the beam current was kept below 0.08 |j,A.
After each spectrum was recorded the foil was raised so that the 
succeeding measurement was made on an unused section of the foil.
The targets were sufficiently uniform and the running conditions 
constant enough, for this method to give reproducible results.
A Y-ray spectrum taken at a proton energy of 7*63 Mev 
is shown in Figure 6.1(a). Throughout the entire range of bombard­
ing proton energies the Y"*ray transitions were observed to go mainly
20to the first excited state of Ne at 1.6 Mev above the ground state. 
The smaller fraction going to the ground state was observed as a 
"shoulder" on the pulse height spectrum, and the ratio of intensities 
of the two transitions did not appear to change significantly with
proton energy.
SC keV
TARGET
THICKNESS
30 keV~0 keV
PROTON
ENERGY
5PREAP
IN O D E S ' PRCTON ENERGY MeV
Figure 6*2« Yield curve for F^^(p,Y)Ne^°
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In determining the yield curve the counts under the comb­
ined ground-state plus first excited state peaks were recorded as a 
function of proton energy. Two determinations of this yield curve 
were made using different target foils; they agreed well and the 
average is shown in Figure 6.2. Pronounced broad resonances occur 
with maxima at proton energies of 5.5, 6.85 and probably 7.65 Mev.
Tlie target thickness and the total energy spread of the proton beam 
are shown marked on Figure 6.2 at various proton energies. Using the
same cross-section calibration as described in the previous chapter,
othe 90 cross-section for the sum of the two transitions at 7-7 Mev 
proton energy was determined to be:
d<£ /dXl(90°) = (8.5 - 2) x lo“"0 cm?/47r sterad.
6.3(b) Ua^(p,y)llg2".
Thin targets of sodium were made by rolling the metal 
in a kerosene bath using the technique developed for lithium described 
previously in^5-2(a). It was found much easier to roll sodium 
targets than lithium because sodium did not work-harden nearly so 
easily. Sodium foils 0.002 in. thick were used in two determinations 
of the yield curve over the full extent of the energy range, but two 
additional runs were made from 7*0 to 7»7 Mev to confirm the exist­
ence of a small peak at a proton energy of 7*45 Mev. Gamma-ray
G
A
M
M
112 keV 
TARGET 
THICKNESS
PROTON
ENERGY
SPREAD
INCIDENT PROTON ENERGY MeV
Fi^ ore 6*1# Yield curve tor
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t r a n s i t io n s  were predom inantly  to  th e  f i r s t  e x c ite d  s t a t e  o f th e
2.Ure s id u a l  nu c leu s  -  in  t h i s  case th e  1 .4  Mev le v e l  in  Mg . Only a
24sm all f r a c t io n  o f th e  t r a n s i t io n s  occurred to  th e  ground s t a t e  o f Mg 
as i l l u s t r a t e d  in  th e  y -ra y  spectrum  of F igure  6 .1 (b )  recorded  a t  a 
pro ton  energy o f 6 .40 Mev.
The y ie ld  curve o f F igure 6.3 re p re se n ts  th e  average o f a l l  
runs ta k in g  th e  t o t a l  counts under th e  combined ground s ta t e  p lu s  
f i r s t  e x c ite d  s ta t e  peaks in  th e  p u lse  h e ig h t s p e c tra .  In  a d d itio n  
to  th e  sm all peak a t  7*45 Mev, a broad resonance occurs w ith  a max­
imum a t  a p ro ton  energy o f 5*95 Mev, and th e re  i s  an in d ic a t io n  o f a 
sm all peak a t  4»6 Mev. However th e  r i s e  in  th e  background count 
to g e th e r  w ith  th e  reduced energy and in te n s i ty  o f th e  y -ray s  made i t  
d i f f i c u l t  to  determ ine a y ie ld  curve w ith  p re c is io n  in  th e  reg io n  o f - 
low p ro ton  energy. The c ro s s -s e c t io n  a t  7*7 Mev fo r  th e  sum o f both 
t r a n s i t io n s  was:
6.6 /d f l ( 9 0 ° )  -  (1 .4  1 0 .4 )  x 10~2c cm l/4^ s te r a d .
6 .3 (c )  Al27( p , r ) S i28 .
-2
An aluminium f o i l  1 .64  mg.cm. th ic k  was used as th e  
t a r g e t  fo r  t h i s  experim ent and a y -ray  spectrum  recorded  a t  6.Ö7 Mev 
pro ton  energy i s  shown in  F igure 6 .4 ( a ) .  T ra n s it io n s  a t  a l l  p ro ton
{ ' r  L I B R A R Y  M
.
Figure 6.4. Pulse-height spectra produced by y-rays from 
(a) the Al^(p*y)Si^® reaction at Ep = 6.87 Mev, and (b) the 
P ^ ( p »y ) S ^  reaction at Ep = 7-50 Mev. The arrows indicate
Q Ö  Ä  _
transitions to the ground and first excited states of Si and S^2 
The dotted curves are the background counts with the targets
withdrawn from the beam
i o  5
1 -
- I  
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Figure 6.5» Y ield  curve fo r  A l^ ( p ,y ) s i 2^
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energies were mainly to the first excited state at 1.8 Mev in Si'“, 
with a smaller fraction going to the ground state. Figure 6.5 shows 
the yield curve derived using the sum of both transitions and repres­
ents the average of three separate determinations of the yield curve. 
Peaks in the curve appear at proton energies of 6.63, 6.87 and 7»20 
Mev, and possibly at 6.1 and 7*7 Mev. The cross-section at 7»7 Mev 
for the sum of the two transitions was:
dtf /djfl(90°) = (1.9 1 0.5) x io~28 cm?/47t sterad.
6.3(d) P^1(PiY)S^2 .
To prepare targets, some amorphous red phosphorus was 
first shaken into suspension in ethyl alcohol and passed through a 
fine filter paper many times. A few crystals of sugar were then
dissolved in a portion of the resulting colloidal suspension. A drop
-2of this suspension was placed on a clean 3 mg.cm." gold foil back­
ing and allowed to spread into a disc of about 1 in. diameter.
After the alcohol had evaporated there remained a very thin uniform 
layer of red phosphorus which adhered well to the gold backing.
Three different targets, with thicknesses measured by 
weighing to lie between 6 and 8 mg.cm.^, were used in three separate 
determinations of the yield curve. Figure 6.4(b) shows a pulse-
1 - ■
PROTON
ENERGY
SPREAD
85
II
I
50
70
key
60
INCIDENT PROTON ENERGY MeV
Figure 6*6« Y ield  curve fo r  P ^ ( p >y )S*^ ground-state •)•-rays.
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h e ig h t spectrum  recorded  a t  a pro ton  energy o f 7.50 Mev. Throughout 
th e  e n t i r e  range of bombarding pro ton  e n e rg ie s , t r a n s i t io n s  to  th e  
ground s ta t e  and f i r s t  e x c ite d  s ta t e  o f 3^2 a t  2 .24  Mev occu rred  w ith  
about equal p ro b a b i l i ty ;  th e  y ie ld  curve d e riv ed  fo r  th e  ground 
s ta t e  t r a n s i t io n  o n ly , i s  shown in  F igure 6 .6 . Peaks appear a t  
in c id e n t p ro ton  en e rg ie s  o f 7 .5 0 , 7 .15 , 6.65 and probably  5 .6  Mev.
The c ro s s -s e c t io n  a t  7 .7  Mev fo r  ground s ta t e  t r a n s i t io n s  on ly  was:
drf / d a  (90°) = (0 .5  * 0 .2 )  x 10-28  cm?/47r s te r a d .
&.3’(e )  l/(p ,Y )H e 'l'> and H '( p ,y 'X /
To com plete th e  sy stem atics  fo r  a - p a r t i c l e  n u c le i  up 
32
to  and in c lu d in g  3 , an a ttem p t was made to  observe th e  r e a c t io n s :
H3 (p ,y)H e4 + 19 .8  Mev
15/ N 16
and N (p ,y )0  + 12.1  Mev
-2
The t r i t iu m  ta r g e t  used was adsorbed to  a th ic k n e ss  o f 100 jjig.cm.
on a th in  la y e r  o f  zirconium  which was d ep o sited  on a 0 .010 in .
ISp la tinum  back ing , and th e  N " t a r g e t  was d ep o sited  to  a th ic k n e ss  of
-2
30 |ig.cm . on a 0 .010 in .  tan ta lu m  back ing . These ta r g e ts  were clamp­
ed to  a  w a ter-co o led  copper h o ld e r which he ld  them in  th e  p ro ton  beam.
In th e  y -ray  s p e c tra  reco rded , no peaks could be 
d isce rn ed  above th e  cosm ic-ray  background le v e l  a t  en erg ies  co rrespond-
■•108«
4 16ing to transitions to the ground states of He and 0 , the reason
being that the targets were not thick enough. Runs at several 
proton energies between 5*0 and 7*7 Mev were made with beams of up 
to 2 |uA. Unfortunately higher beam currents could not be used be­
cause of the danger of over-heating and outgassing the targets. It
—2U 2was possible,'however, to place upper limits of 4 x 10 cm. /4tc
—27 2sterad and 1.2 x 10 cm./krc sterad., on the cross-sections,
dö'/ail (90°), for emission of ground-state Y*"ravTs in the reactions
3, , 4  15, n 16H (p,y)Ke and U (p,y)0 , respectively.
6»4 Discussion of Results.
There is little previous information available on energy
levels in the regions of nuclear excitation studied in these exper-
19, N 20 23, . 24 27/ N 28iments. In the cases of F (p,Y)Ne , Na (p,y)Mg and 41 (p,Y)Si , 
the levels can be compared with those found from previous measure­
ments carried out with protons of energies up to 6.6 Mev on the re-
19 1Q 23 23 27 27actions F (p,n)Ne , Na (p,n)Mg  ^ and A1 (p,n)Si
19 19 4
The F (p,n)Ne ' reaction has been studied by Blaser et al.
using a 6.6 Mev cyclotron and examining the activity induced in slack­
ly
ed foils, and by Marion et al. using a 6 Mev Van de Graaff generator
4« J.P. Blaser, F. Boehm, P. Marnier and P. Schemer,
Helv. Phys. Acta, 24, 465? (1951)»
5. J.B. Marion, T.W. Bonner, and C.F. Cook, Phys. Rev., 100, 93b, (1955)»
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and a BF^ counter. Both (p,n) yield curves show a broad peak at a 
proton energy of about 5 «4 Mev which could correspond with the broad 
peak found at 5*50 Mev in the present F^(p,y)Ne^ yield curve*
Blaser et al* also determined a yield curve for the Na (p,n)Mg re­
action, and their broad peak at 6*00 Mev proton energy shows agree­
ment with that found in the Na^(p,y)Mg^^ yield curve at 5*95 Mev.
27 28The peak at 6.1 Mev suggested in the Al (p>y)Si result 
may be that observed by Blaser et al. at 6.17 Mev in their study of 
the Al^(p,n)Si^ reaction.
Again, it could not be ascertained within the limits of 
the experimental resolution, whether the peaks in the present (p,y) 
yield curves are composed of a small number of individual broad levels 
or a large number of closely spaced levels (c.f. § 5*7)* The regions 
of excitation covered in these nuclei are just below the giant reson­
ance. However, the cross-sections are still large suggesting that 
most of the y-radiation emitted is electric dipole in character. As 
in the cases of Lir(p,y)Be and B (p,y)C > the y-ray branching ratios 
were again found to be essentially constant with proton energy.
Table 6.1 summarises the values estimated for the relat­
ive intensities, % A tq * of first excited state to ground state trans­
itions in each of the nuclei studied with the cyclotron.
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TABLE 6 .1 .
Target Nucleus Li* 7 * B11
and sp in . 3 /2 “ 3/2"
Final Nucleus BeÖ c12
Max E  ^ (Mev) 21*1 1 8 .6
Max E ^  (Mev) 24 .0 23*0
V*o 5 1 /2
19F XT 23Na Al27 P31
l / 2 + 3/2+ 5/2+ l / 2 +
XT 20Ne Mg24 S i28 S32
18.6 17 .7 17-2 14 .1
20.2 19 .1 19.0 16*3
2 4 2 1
The v a lu e s  o f  E and E a re  th e  e n e rg ie s  o f th e  v -ray s  to  th e  f i r s t
Y-L y°
e x c ite d  s t a t e  and ground s t a t e  re s p e c tiv e ly  measured a t  th e  maximum 
pro ton  energy o f 7*7 Mev.
Since each of th e  fo u r n u c le i ,  F ^ ,  N a ^ ,  Al^7 and have
ground s ta tesw hose  p a r i ty  i s  even, th e  re a c tio n s  s tu d ie d  w ith  th e se
n u c le i  w i l l  in vo lve  th e  cap tu re  m ainly o f  p-wave p ro to n s . The s t ru c tu re
in  th e  y ie ld  curves fo r  th e se  n u c le i  appears to  be more pronounced
and narrow er in  c h a ra c te r  th an  th a t  f o r  th e  two p - s h e l l  n u c le i  s tu d ie d .
T his may r e s u l t  in  p a r t  from th e  narrow er p ro ton  w id th s  a s s o c ia te d
w ith  p-wave cap tu re  (a s  a  r e s u l t  o f  th e  c e n tr i fu g a l  b a r r i e r )  compared
7 11w ith  th e  m ainly s-wave cap tu re  by L i and B . Ey th e  same to k en ,
one would expect th e  s t r u c tu r e  to  become more pronounced w ith  in c re a s ­
ing  atom ic number, because o f th e  in c re a s in g  Coulomb b a r r ie r*  This
su g g es tio n  a ls o  re c e iv e s  some support from th e  observed y ie ld  curves*
The experiments performed with the cyclotron have shown 
somewhat surprisingly that there is considerable structure in the 
(p,y) yield curves in these regions of high nuclear excitation* The 
type of structure varies with different nuclei, from the small sub- 
sidiary peaks observed in the B (p,y)C reaction to the large 
fluctuations in yield observed in some of the other reactions. How­
ever, to determine in more detail what types of level are involved 
and whether many levels or just a few are contributing to these yield 
curves, these experiments should be repeated with a greatly improved 
energy resolution and if possible the angular distributions of the 
y-rays should be measured.
The recent development of the tandem-style Van de Graaff 
generator as a continuously variable, mono-energetic proton source 
should make such measurements possible in the near future. The 
relatively small amount of background radiation associated with these 
accelerators will permit much thinner targets to be used, and this, 
together with the small spread in proton energy, should allow the 
determination of yield curves with good energy resolution over the 
whole range of the giant resonance in many nuclei. To obtain the 
ultimate resolution with a tandem generator, it will be necessary to
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use targets of the order of 1 kev thick. Since the maximum beam 
current available with these machines so far is only about 5 jiA, it 
seems likely that a high resolution experiment will be hampered by 
the low yield of capture y-rays, If these y^rays are b® detected 
with a large Nal(Tl) crystal then the cosmic ray background could 
prove to be a limiting factor in the experiment. This problem 
could possibly be solved by surrounding the crystal with a tank 
containing a liquid scintillator which could be used in anti-coincid­
ence v/ith the crystal.
APPENDIX A.
THE GROUND-STATE GAMMA RAY IN THE 3e9(p,y)B10 REACTION.
It was shown in Chapter III that the y-rays emitted to
the ground state of in the reaction Be^(p,y)B^' are not resonant
at the 330 kev resonance. However, assuming the value of 12 t 4 jib.
1given by Carlson and Nelson for the maximum cross-section for 
emission of 5*2 Mev y-rays at this resonance, the data shown in Fig­
ure 3*3 indicate a value of 3 - 1 lib. for the cross-section at 330 
kev for emission of ground-state y-rays. This is roughly five times
too high to be explained as arising from the low-energy tail of the
2993 kev resonance, which is known to emit y-rays mainly to the 
ground state of B^. To investigate this discrepancy further, a 
yield curve of ground-state y-rays was measured in the range of proton 
energies between 300 and 1060 kev.
oGamma rays were detected at 0 to the proton beam and
1 in. diameter side collimation was used. The beryllium target was
«216.5 jig.cm. thick, which corresponds to a stopping power of 6.2 kev
3at 330 kev proton energy' . The excitation function obtained with
1. R.R. Carlson and E.B. Nelson, Phys. Rev., 98, 1310, (1955)«
2. W.F. Hornyak and T. Coor, Phys. Rev., 92, 675> (1953)»
3. S.D. Warshaw, Phys. Rev., 76, 1359» (1949)«
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this target is shown in Figure A.l. The level parameters given by 
Hornyak and Coor were used to calibrate the cross-section scale and 
to derive a curve (shown in the figure) which represents a single- 
level Breit-Wigner formula, allowing for the variation of partial 
widths with proton energy.
The results show that while the Breit-Wigner curve gives a 
good fit to the experimental points in the region of the resonance 
peak at 993 kev, at lower proton energies the fit is not good. The 
cross-section at 330 kev was again found to be about 3 |ib., and there 
appears to be a significant non-resonant contribution in this region 
of proton energy. If we assume that this contribution is due to a 
direct reaction or to the tail of a distant resonance, then it might 
be expected that its excitation function will follow a curve of the 
form P-^ E2 /E, where P^ is the barrier penetrability for protons of 
orbital angular momentum 1 and with bombarding energy E. The full 
line and the dashed line in Figure A.l are the best fits to the ex­
perimental points which can be obtained by adding non-resonant s-wave
and p-wave excitation functions of this form to the Breit-Wigner
1
curve. The factor P_^ E2 has been taken from the data of Christy and
4 9Latter for s- and p-wave protons incident on Be. The best fit
4- R.F. Christy and R. Latter, Rev. Mod. Fhys., 20, 185, (1948)»
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appears to be obtained with an s-wave contribution although the 
spread in the data is not small enough to exclude the possibility of 
p-wave. One would expect s-waves to give the main contribution be­
cause of the absence of a centrifugal barrier and because they lead
to the emission of electric dipole radiation to the ground state of
10
B .
The non-resonant radiation in this case may imply a 
direct reaction involving a one-stage process without formation of a 
compound nucleus. Such a process has been postulated to explain
successfully the non-resonant Y“r^y transitions which are known to
7 , 0  5
occur in the Li (p,y)Be reaction at similar proton energies . If
9 N 10
direct y-ray transitions are present in the Be (p,y)B case, then
10it is possible that they occur to the excited states of B as well 
as to the ground state. When added (possibly with interference) to 
the resonant transitions to these states, these direct effects may 
explain the fact that the transitions to the 0.72, 1.74 and 2.15 
Mev levels do not bear quite the same ratios to one another over the 
width of the 330 kev resonance (Figure 3-6).
5. D.H. Wilkinson, Phil. Mag., 45, 259» (1954).
APPENDIX B.
THE RELATIONSHIP BETWEEN THE GROSS-SECTIONS FOR THE
11, , 12 12 . 11
INVERSE REACTIONS B (p,y)C and C (y»p)B .
The cross-sections for two mutually inverse (p,y) and
(y >p ) processes are related by detailed balancing as was pointed out
by Bethe"^ in 1937» and it was just these inverse reactions B ^ ( p ,y )C"^ ' 
12 11
and C (y >P/B which he visualised as an example.
If, in the centre-of-mass system, 4  is the cross-
YP, A+l , A Asection for the reaction (Z + 1) (y »P)Z » where the nucleus Z is
left in its ground state, and d  is the cross-section for the inverse
PY* A+l A+l
process, ZA(p ,y )(Z + 1 )  , where the nucleus (Z + 1) is left in
its ground state, and if the same Y“ra7 and proton wavelengths,
Y
and A (in the C.O.M. system), are referred to in both cases, then 
P
the following relation holds:
YP
6 (2.1 + l)(2s + l W X Y \ ,* (2j + htlsU i) (Jl~j (B.l)
where jT is the spin of the nucleus (Z + 1)
A+l j that of the nucleus
ZA ; s that of the proton (g); and (2s* + 1) is the effective stat­
istical weight for unpolarised electromagnetic radiation (2s* + 1 = 2
1. H.A. Bethe, Rev. Mod. Phys., 9, Section 14» (1937)*
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since there are two directions of polarisation). Eq. (B.l) also 
holds for differential cross-sections provided that they refer to 
the same angle of orientation.
The maximum cross-section for the emission of ground- 
state yrays in the reaction B^(p,y)C^ is ddf^/dJl(90° ) *
(2.7 i 0.5) x 10”^  cm? / 4 ^  sterad. ( $ 5*4) and it occurs at a 
bombarding proton energy of 7.2 Mev ( - 1.85 x 10~^ cm.)
—13corresponding to a y-ray energy of 22.55 Mev (X  = 8.73 x 10 cm.).
y
Inserting these values into Eq. (B.l) and setting j * 0 for C 
and j » 3/2 for B^, we find that the implied maximum cross-section 
for the emission of ground-state protons in the inverse reaction, 
Cp"2(y,p)Bl , also measured at 90° , is d € yp/dft (90°) « (24 - 4)mb. 
/l+TC sterad.
APPENDIX C
THE LOW-LYING LEVEL STRUCTURE OF Be8 .
There has been much disagreement in recent years concern-
g
ing the level structure in Be in the region between 0 and 14 Mev
excitation. Several levels have been reported by various observers,
but so far, the only ones which seem to be present with any degree
of certainty"** are the narrow 0+ ground state (T ^  5eV), the broad
2+ level at 2.9 Mev (P 3; 1.2 Mev) and a broad 4* level at 11.6 Mev
(P ^ 6.7 Mev). These levels correspond well with the only three 
2,3states expected in this region of excitation on the basis of
8either a simple shell model or an a-particle model of Be •
8Nevertheless the evidence for other even states in Be
at 4*1, 5*3 and 7»5 Mev is considerable. Most of this evidence
7 8 11 8 comes from studies of the reactions Li'(d,n)Be , B (y,t)Be ,
10 8 7 8* 4B (y>d)Be , Li (p,y)Be (a)He and from photo-disintegration exper-
nr g
iments using y-rays from the 441 kev resonance in the Li'(p,y)Be 
1,4reaction. Other evidence for some of these levels has also been
1. F. Ajzenberg and T. Lauritsen, Rev. Mod. Phys., 2J, 77» (1955)•
& Rev. Mod. Phys., to be published.
2. D.R. Inglis, Rev. Mod. Phys., 2£, 390, (1953)•
3. D. Kurath, Phys. Rev., 101, 216, (1956).
. Reviewed up to 1954 by E.W. Titterton, Phys. Rev., 24» 206, (1954).4
-ne-
5 9 8found in a - a scattering experiments and in the Be (p,d)Be re-
6
action .
7-16On the other hand, the results of some other experiments 
7 8 7 8* Uusing such reactions as Li (d,n)Be , Li'(p,y)Be (a)Hed a - a
11 , , 8 - 1 0  8 ö - 8 3 0
scattering, B (p,a)Be , B (d,a)Be , Li {ft )3e , B )Be ,
6 3 - 8  9 8
Li (He ,p)Be and Be (d,t)Be , do not show evidence for the additional 
levels.
The conflicting results of different workers appear to be 
due mainly to limited experimental resolution and to the difficulty
5» F.E. Steigert and M.B. Sampson, Phys. Rev., 92, 660, (1953)»
6. J.C. Arthur, A.J. Allen, R.S. Bender, H.J. Hausman and C.J. McDole, 
Phys. Rev., 88, 1291, (1952).
7. 5.5(c) of this Thesis.
8. C.C. Trail and C.H. Johnson, Phys. Rev., 95, 1363, (1954)*
9. E.C. La Vier, S.S. Hanna and R.W. Gelinas, Phys. Rev., 103,
143, (1956).
10. V. Meyer and H.H. Staub, Helv. Phys. Acta, 31, 205, (1958).
11. J.L. Russell, G.C. Philips and C.W. Reich, Phys. Rev., 104,
135, (1956).
12. R.E. Holland, D.R. Inglis, R.E. Malm and F.P. Mooring,
Phys. Rev., 99, 92, (1955).
13. R.T. Frost and S.S. Hanna, Phys. Rev., 99» 8, (1955)*
14« F.C. Gilbert, Phys. Rev., 93» 499, (1954)*
15* C.D. Moak and W.R. Wisseman, Phys. Rev., 101, 1326, (1956).
16. R.W. Gelinas and S.S. Hanna, Phys. Rev., lOi*, 1681, (1956).
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in obtaining sufficient statistical accuracy. Any states in this 
region, apart from the ground and 2.9 Mev states, are involved only 
weakly (if at all) in most of the reactions listed above. Further­
more, it is likely that any such levels (being even and highly un­
stable to o-particle emission) are broad, which would make them 
difficult to observe experimentally.
In an attempt to shed further light on the existence of
these states, an experiment is at present in progress in this lab-
7 4oratory. The reaction being studied is Li (p,y)B® (a)He at the
441 kev resonance and although the work is as yet incomplete, it is
considered worthwhile to report briefly on the progress so far.
17This reaction has been examined previously by In&ll and Boyle , who
measured the integrated spectrum of o-particles in coincidence with
Y'-rays. The o-particle ranges were measured with absorbing foils
and the yrays were detected with a Nal(Tl) crystal 1 cm. thick by
2 cm. square. After differentiation their spectrum showed evidence
, 8for levels with widths less than g Mev in Be at 4*09, 5*31 and 7*51
Mev. The corresponding yrays occur with intensities of 2%, 2% and
o
respectively of the total intensity. La Vier et al. have measur­
ed the o-particle spectrum using magnetic analysis (but without yray
17* E.K. Inall and A.J.F. Boyle, Phil. Mag., 4^, 10Ö1, (1953)*
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coincidences). No evidence for the extra levels was discovered al­
though minimum observable intensities were less than the intensities 
found by Inall and Boyle. More recently Meyer and Staub^ using thisg
reaction, have examined the region of excitation in Be between 0 and
4 Mev using magnetic analysis of the a-particles in coincidence with
Y'-rays and the region between 4 and 9 Mev using magnetic analysis
only. They found no levels between 4 and 9 Mev present with intens-
*
ities of more than 2% of the total number of excited Be nuclei.
8It is felt that the region of excitation in Be between 4
7/ x Ö*, % 4and 10 Mev warrants further study with the Li (p,Y)Be (a)He re­
action. The technique of Inall and Boyle suffers from the disad­
vantage that it produces an integrated spectrum in which small stat­
istical fluctuations can produce a relatively large effect in the 
differential spectrum. The other methods which measure the differ­
ential spectrum without -y^ray coincidences are hampered by the recoil 
broadening of the emitted a-particles (approx. - 0 . 2  Mev). This 
effect is removed if the direction of emission of the Y*"ray de- 
fined by a coincidence requirement.
In the present experiment using this reaction the differ­
ential spectrum of a-particles is examined in coincidence with yw 
radiation. In order to obtain a high counting efficiency for the y *^ 
rays from such weakly excited levels, the large Nal(Tl) crystal de-
- I n ­
sc rib ed  in  C hapter I I  i s  used as th e  y -ray  d e te c to r .  The a - p a r t i c l e s  
a re  d e te c te d  w ith  a C sl c r y s ta l  which has to  be th in  ('■"■'0.005 i n . )  
to  avoid  la rg e  numbers o f background p u lses  due to  th e  passage o f high
energy e le c tro n s .  A f a s t  co incidence  u n it o f th e  type  d e sc rib ed  by
18
Garwin has been b u i l t  having a re so lv in g  tim e of 100 ny, sec .
The f i r s t  experim ents were done bombarding a th in  l i th iu m
-2ta r g e t  w ith  450kev pro tons and w ith  a 1 .64  mg.cm. aluminium f o i l  
in te rp o sed  between th e  t a r g e t  and th e  a - p a r t i c l e  d e te c to r  which was 
s i tu a te d  a t  90° to  th e  p ro ton  beam. The f o i l  was necessa ry  to  screen  
th e  p h o to -tube  from l ig h t  em itted  from th e  ta r g e t  and a lso  to  p rev en t 
s c a t te re d  p ro tons from reach in g  th e  C sl c r y s ta l .  The use o f th e  f o i l  
however, meant th a t  only a - p a r t i c l e s  w ith energy g re a te r  than  2 .2  
Mev could reach  th e  c r y s ta l .  Alpha p a r t i c le s  which p e n e tra te  th e  
f o i l  reach  th e  c ry s ta l  w ith  reduced energy and t h i s ,  coupled w ith  th e  
f a c t  t h a t  th e  s c i n t i l l a t i o n  response of C sl i s  reduced fo r  low -energy 
c - p a r t i c l e s ,  means th a t  p oo rer re s o lu tio n  i s  o b ta in ed . The re d u c tio n  
in  th e  a -e n e rg ie s  in tro d u ced  by th e  f o i l  a lso  p rev en ts  th e  peak due 
to  a - p a r t i c l e s  from th e  2 .9  Mev le v e l  from being observed in  th e  
p u lse -h e ig h t spectrum . There i s  an o th er d isadvan tage in  t h a t  th e  in -  
te n se  8 .8  Mev a - p a r t i c l e s  from th e  L i '(p ,a )H e  + re a c tio n  a re  d e te c te d
18. R.L. Garwin, Rev. S e i. I n s t r . ,  21, 569, (1950)
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by the crystal and a portion of the large number of these gives rise 
to background pulses in the region of interest between 0 and 5 Mev 
o-particle energy*
An alternative method is therefore being tried at present 
in which no stopping foil is required. The experimental arrangement
Qis shown in Figure C.l. The a-particles are detected at 90 to the 
proton beam through a 1 mn. slit* The particles passing through the 
slit are influenced by a magnetic field of 5*4 kilo-gauss so that 
only those a-particles with energies between 1 and 5 Mev reach the 
2 x 1 x 0.005 in. Csl crystal detector. Scattered protons from the 
target follow the same trajectory as J Mev a-particles (shown in Fig­
ure C.l) and do not reach the crystal. Similarly the 8.8 Mev a-part- 
icles are not bent sufficiently to reach the crystal. The geometry is 
arranged so that when the slit is correctly positioned, light from the 
target cannot reach the photo-tube directly and the inside of the 
analysing chamber is painted black to stop reflected light from reach­
ing the phototube, The perspex window is present to allow alignment
oonto the target of the -fray detector, which is at 90 to the beam 
and opposite the a-particle detector; this window is covered with a 
thin light-tight foil when the experiment is in progress.
The magnetic field is produced by six permanent magnets
2.49 MEV He3
Z 6 0 0
CHANNEL NUMBER.
Figure C»2 Spectrum of p a r t i c l e s  recorded u s in g  th e  ap p ara tu s  shown
in  Figure C . l .  The ta rg e t  was n a tu ra l  l i th iu m  m e ta l.
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of the magnetron type. To obtain the required magnetic field strength 
the gap width has been reduced from l| in. to 5/8 in. and the area 
of the field has been halved by the introduction of soft-iron pole- 
pieces. To protect the photo-tube from the stray field of these 
magnets, a 7 in. long by Igin. diameter perspex light pipe was intro­
duced and a soft-iron shield surrounds the front end of the photo­
tube. The Csl crystal is cemented to the light pipe with "Araldite" 
and is prepared by water polishing down to a thickness of 0.005 in.
The resolution obtained is found to depend critically on the finish 
given to the surface of the crystal and for this reason the final 
polishing is done with glycerine with a trace of water added to it.
Figure G.2 shows an ungated spectrum recorded with this 
arrangement. The target was natural lithium metal and was 60 kev thick 
at the bombarding proton energy of 450 kev. The slit was deliberately 
adjusted to allow a small fraction of the 8.3 Mev a-particles to 
strike the crystal. (This gives a useful energy calibration point).
The two peaks at lower energies are due to the 3LiJ(p,a)HeJ reaction.
6
Although Li has an isotopic abundance of only 7-5/2, the (p,a) re-
3
action is very intense. The a-particle and the He are emitted in 
this process with nearly the same momentum, and since their charges 
are the same, they follow the same trajectory in the magnetic field 
(i.e. that of 1.85 Mev a-particles). The increase in counts below
-124-
about i Mev in the spectrum is due to doubly scattered protons and 
to electrons passing through the crystal.
6 7The (p,a) reactions occurring in Li and Li are not
resonant at 441 kev so that the optimum target thickness to use in
this experiment is 12 kev, the width of the 441 kev resonance in the 
7 8
Li (p,y)Be reaction. Preliminary spectra have been recorded in
coincidence with Y^rays, using natural lithium targets 10 kev thick
at 441 kev proton energy. The o-particles from the broad 2.9 Mev
level can be observed clearly in these spectra provided that the beam
current is kept at a low value (less than \ jjlA) so that the random
6, x 3coincidences due to the products of the Li (p,a;He reaction are not
too numerous. However, to obtain statistical accuracy for regions of
8higher excitation in Be , beam currents of 10 jxA or more are required. 
With beam currents of this order and a coincidence resolving time of 
100 up. sec., it is found that most of the pulses in the coincidenceg
o-spectra corresponding to excitations in Be of up to about 6 Mev,
6 3are due to random coincidences with the products of the Li (p,a)Hej> 
reaction.
These random coincidences may be reduced by shortening the 
resolving time. However there is a danger then of discriminating 
against the lower-energy a-particles because of their longer flight
- 125-
19 6 3times. The best method of eliminating the effect of the Li (p,a)He^
reaction is to use a separated Li^ target. A technique has been
20developed similar to that suggested by Ajzenberg for the electro- 
7deposition of Li metal from a solution of the chloride in dry pyr­
idine. Thin uniform targets of easily controlled thickness can now 
be prepared by this method and it is hoped to obtain significant in­
formation using these targets in the near future.
19. The flight time of a 1 Mev a-particle from target to crystal in 
the apparatus of Figure C.l is 34 up, sec.
20. F. Ajzenberg, Rev. Sei. Instr., 2£, 649» (1952).
